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AAV2-Mediated Expression of HspB1 in RGCs Prevents
Somal Damage and Axonal Transport Deficits in a Mouse
Model of Ocular Hypertension
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Purpose: Ocular hypertension is a significant risk factor for vision loss in glaucoma
caused by the death of retinal ganglion cells (RGCs). We investigated whether small heat
shock proteins (sHsps) expressed in RGCs protect those cells against ocular hypertension
in mice.

Methods: AAV2 vectors encoding genes for one of the following four human
sHsps: HSPB1, HSPB4, HSPB5, or HSPB6 were constructed for RGC-specific expression.
Ischemia/reperfusion was induced by elevating the intraocular pressure (IOP) to 120
mm Hg for one hour, followed by a rapid return to normal IOP. Microbeads (MB) were
injected into the anterior chamber of mice to induce ocular hypertension. RGC death
and glial activation were assessed by immunostaining for Brn3a, RBPMS, Iba1, and
glial fibrillary acid protein in retinal flat mounts. RGC axonal defects were evaluated
by anterograde transport of intravitreally injected cholera toxin-B. RGC function was
assessed by pattern electroretinography.

Results: Among the sHsps, HspB1 offered the best protection against RGC death
from ischemia/reperfusion injury in the mouse retina. Intravitreal administration of
AAV2-HSPB1 either two weeks before or one week after instituting ocular hyperten-
sion resulted in significant prevention of RGC loss. The MB-injected mice showed RGC
axonal transportation defects, but AAV2-HSPBT administration significantly inhibited
this defect. AAV2-HSPB1 prevented glial activation caused by ocular hypertension. More
importantly, a single injection of AAV2-HSPB1 protected RGCs long-term in MB-injected
eyes.

Conclusions: The administration of AAV2-HSPB1 inhibited RGC death and axonal trans-
port defects and reduced glial activation in a mouse model of ocular hypertension.

Translational Relevance: Our results suggested that the intravitreal delivery of AAV2-
HSPB1 could be developed as a gene therapy to prevent vision loss on a long-term basis
in glaucoma patients.

. Globally, more than 75 million people are affected by
Introduction this disease, and this number is expected to increase to

approximately 110 million by 2040.! Elevated intraoc-

) Glaucoma iS_ a progressive neuro‘degenerat.ive ular pressure (IOP) is a significant risk factor for
disease characterized by the death of retinal ganghon RGC death along with other risk factors, including
cells (RGCs) and degeneration of the optic nerve. age, race, and genetics.? IOP-lowering drugs, and
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surgical techniques to decrease IOP have shown benefi-
cial effects in saving vision in glaucoma patients.?
However, approximately 10% of glaucoma patients do
not respond to these treatments and show continued
deterioration of vision through the loss of RGCs.>#
Thus there is an urgent unmet medical need to develop
efficacious and long-lasting therapies to prevent RGC
death in glaucoma.

Previous studies have shown the involvement of
multiple factors, such as inflammation, oxidative
stress, deprivation of neurotrophic factors, dysfunc-
tion of mitochondria, damage caused by excitotox-
icity, and axonal transport failure, in the patho-
genesis of glaucoma.’® However, the fundamental
biological processes that lead to RGC death are
still poorly understood. Prevention of RGC death
in animal models has been a focus of research for
many years, with several small molecules and biolog-
ics being tested.” !’ However, a significant limitation
in several of these studies is the failure to protect
the soma and axons of RGCs simultaneously. There-
fore new therapeutics that protect both the RGC
soma and axons are needed to prevent vision loss in
glaucoma.

Small heat shock proteins (sHsps) are a family of
stress response proteins that are molecular chaper-
ones possessing anti-apoptotic properties. There are
11 members in this family, and all have a highly
conserved “wa-crystallin® core domain (except for
Hspl1).14-16 SHsps bind to structurally perturbed
proteins in an adenosine triphosphate (ATP)-
independent manner and inhibit protein denatu-
ration and aggregation. In addition, they inhibit
stress-mediated apoptosis by blocking both the
extrinsic and intrinsic pathways of apoptosis!’ while
also possessing antioxidant and anti-inflammatory
properties.'8 20

Previous studies have shown changes in sHsp
levels in experimental glaucoma models. We found
lower levels of HspB5 in glaucomatous than in
nonglaucomatous human retinas.”! We also observed
lower RGC numbers in CRYAB knockout mouse
retinas than in wild-type mouse retinas.’! Ocular
hypertension-induced RGC degeneration in rats was
accompanied by suppression of the mRNA expres-
sion and protein levels of HspB4 and HspB5.%>%3
In addition, reduced HspB4 levels were observed in
the retinas of glucocorticoid-induced ocular hyper-
tensive rats compared to controls.”* Furthermore,
in a mouse genetic model for glaucoma (DBA/2J
mouse), crystallin gene expression in the retina was
downregulated.” Studies have shown that exogenous
delivery of HspBS5 into the vitreous protects RGCs
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in several animal models of glaucoma. Intravitre-
ally administered HspB5 reduced axonal injury and
RGC death because of IOP elevation in mice.”®?’ In
optic nerve injury models, intravenous injection of
HspB5 reduced microglial activation and increased
RGC survival,”® and transfection of HspB4 and
HspB5 into the vitreous followed by electropora-
tion showed an increase in the number of surviv-
ing RGCs.” Our previous study demonstrated
that the chaperone peptide of HspB5 (peptain-1)
injected intraperitoneally inhibited RGC loss in
mouse retinas subjected to ischemia/reperfusion
(I/R) injury and in a Morrison rat model of
glaucoma.’!

Although the beneficial effects of HspB5 on RGCs
are evident, the effects of HspBl are ambiguous.
Elevation of IOP through laser photocoagulation of
the episcleral and limbal veins resulted in elevated
expression of HspBl in RGCs of rats.>* Additional
studies have shown elevated expression of HspB1 in
RGCs under stressful conditions that are permissive
for RGC death.’!3* These observations imply that
RGCs express higher levels of HspB1 as a protec-
tive mechanism. In support of this notion is the
observation that electrophoretically delivered HspB1
into RGCs protects those cells against retinal I/R
injury in rats.** However, recent studies suggest that
exogenous delivery of HspB1 into the vitreous could
be detrimental to RGCs; it has been observed that
intravitreal injection of HspBl led to the death of
RGCs in rats® via activation of caspases.’® Further-
more, in microbeads (MB)-induced ocular hyperten-
sion in mice, a T-cell-specific response to HspBl
was implicated as a cause of RGC death.’” A direct
correlation between axonal regeneration in neurons
and the expression of HspBl was also observed.*®
Although supplementation with bacterial-expressed
human HspB1 in the vitreous was detrimental to
RGCs, intracellular expression of HspBl in RGCs
protected these cells from I/R injury. These seemingly
contrasting observations led us to test the hypoth-
esis that intracellular but not extracellular eleva-
tion of HspB1 protects RGCs in animal models of
glaucoma.

AAV2 has excellent tropism® 4!; it is relatively
safe, efficacious, and approved by the Food and Drug
Administration to treat Leber congenital amaurosis
through the expression of RPE6S5 in retinal pigment
epithelial cells.** In this study, we report the protec-
tion of RGCs in an ocular hypertension mouse
model through adeno-associated viral vector serotype
2 (AAV2)-mediated expression of HspBI1 specifically
in RGCs.
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Construction of AAV-2 Vectors Expressing
sHsps

We obtained AAV2 vectors encoding human
HspB1, HspB4, HspB5, or HspB6 with a mini
RGC-specific promoter Ple345 (neurofilament, light
polypeptide, NEFL) for specific expression in RGCs
(Ocular Gene Therapy Core, University of Florida
Health Science Center, Gainesville, FL, USA). The
mini Ple345 promoter is highly efficient in targeting
RGCs.®® All vectors were packaged and purified by
standard methods as previously described,*** and
aliquots were stored at —80°C and thawed no more
than two times before use.

Animals

All animal experiments were reviewed and approved
by the University of Colorado Denver Institutional
Animal Care and Use Committee and performed
under adherence to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.
C57BL/6J mice were obtained from Jackson Laborato-
ries (Stock No: 000664, Bar Harbor, ME, USA) or bred
in-house with a 12:12-h light/dark cycle with access to
food and water as desired. This study included both
male and female mice.

Transduction of sHsps

Eight- to twelve-week-old mice were anesthetized
with an intraperitoneal injection of ketamine/xylazine.
Their eyes were anesthetized with topical 0.5%
proparacaine hydrochloride ophthalmic solution
(Akorn, Somerset, NJ, USA). Appropriate anesthe-
sia was confirmed by the toe-pinch pain test. The
animals were then placed on a heating pad to maintain
their body temperature throughout the procedure.
A puncture through the sclera of the right eye was
made approximately 0.5 mm posterior to the limbus
with a 33 G needle and observed under a dissecting
microscope. One microliter of vector (1 x 10° viral
genomes in 1 uLL. of HBSS) was slowly injected through
this aperture using a blunt 34G needle connected to
a 5 pL Hamilton syringe, and the needle was kept
inside the eye for 30 seconds. For each AAV2-sHsp
treatment, we had five mice (three for retinal sections
and two for Western blotting). After four weeks, the
transduction of sHsps was assessed in retinal sections
by immunofluorescence and in retinal homogenates by
Western blotting.
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For the retinal sections, eyes were fixed in 4%
PFA overnight. The retinas were incubated in 10%,
20%, and 30% sucrose and embedded in Tissue
Tek OCT compound (Sakura Finetek, Torrance, CA,
USA) before rapid freezing. Retinal sections (12 um
thickness) were cryosectioned, blocked for one hour,
immunolabeled with primary antibodies (1:50 dilution)
overnight at 4°C, and incubated with secondary
antibodies (1:250) for two hours at room tempera-
ture. The primary antibodies were as follows: HspB1
(Cat no. 2402S; Cell Signaling Technology, Danvers,
MA, USA), HspB4 (Cat no. ADI-SPA-221; Enzo Life
Sciences, Farmingdale, NY, USA), HspB5 (Cat no.
ABNI185; Millipore, Billerica, MA, USA), and HspB6
(Cat no. ADI-SPA-796, Enzo Life Sciences).

Retinal homogenates were prepared in 150 ul of
1X RIPA buffer (Thermo, Cat no. 8§89900) contain-
ing a protease inhibitor cocktail (1:100; Sigma-Aldrich
Corp., St. Louis, MO, USA) by a hand-held homog-
enizer. Western blotting was performed as previ-
ously described.*® The sHsp-specific primary antibod-
ies (1:1,000 dilution) were incubated overnight at 4°C.
Anti-rabbit IgG (1:5,000 dilution, Cat no. 7074; Cell
Signaling Technology, Inc., Beverly, MA, USA) or
anti-mouse IgG (1:5,000 dilution, Cat no. 7076; Cell
Signaling Technology, Inc.) secondary antibodies were
incubated at room temperature for one hour. The
protein bands were visualized with the SuperSignal
West Pico Kit (Pierce Chemicals, Rockford, IL, USA).
GAPDH was used as a loading control.

Retinal I/R Injury

After four weeks of AAV2 injection, the right eye of
each mouse was cannulated into the anterior chamber
with a 33 gauge needle connected to an elevated saline
solution (0.9% NaCl) reservoir. The height of the reser-
voir was adjusted to achieve an intraocular pressure
of approximately 120 mm Hg. After 60 minutes of
elevated pressure, the needle was removed. For each
AAV2-sHsp treatment, we had five to seven mice. The
animals were euthanized on day 14 post I/R injury.
The contralateral uninjured eyes from the vehicle group
were used as control.

MB-Induced Ocular Hypertensive Mouse
Model

Ocular hypertension was induced by injection of
polystyrene MB (FluoSpheres; Invitrogen, Carlsbad,
CA, USA; 10 um diameter) into the anterior chamber
of the right eye of each animal. MB was refor-
mulated at a concentration of 5 x 107 beads/mL
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in phosphate-buffered saline solution (PBS). The
pupil was dilated with one drop of a phenylephrine
hydrochloride/tropicamide (4:1) mixture. The cornea
was gently punctured near the center using a 33G
needle, and a small air bubble was injected to raise the
anterior chamber. Two microliters of MB were injected
into the anterior chamber under the bubble via a blunt
33G needle connected to a Hamilton. An antibiotic
ointment was applied topically onto the injected eye
to prevent infection. The IOP was monitored weekly
until 20 weeks using a TonoLab tonometer (Colonial
Medical Supply, Espoo, Finland).

To study the prophylactic effects of AAV2-HSPBI,
we used 29 mice (seven treated with vehicle, 10
treated with AAV2 control, and 12 treated with AAV2-
HSPBI), which were euthanized at four weeks post MB
injection (WPI). To study the therapeutic effects AAV2-
HSPBI, we used 79 mice (13 treated with vehicle, 34
treated with AAV2 control, and 32 treated with AAV2-
HSPBI), which were euthanized at one, two, four, and
six WPI (n = 4-9 in each category). Twelve mice that
received MB injection followed by AAV2 control or
AAV2-HSPBI injection (n = 6 in each category) were
euthanized at 20 WPI. Mice were considered to have
ocular hypertension when the IOP was > 16 mm Hg
after one week of MB injection. Twelve mice that did
not show elevated IOP after MB injection or showed
signs of anterior segment inflammation or vitreous
hemorrhage were excluded from the study.

Tissue Processing and
Immunohistochemistry

After four to five weeks of MB injection, the
eyes were fixed with 4% paraformaldehyde (Cat
no. 15710; Electron Microscopy Sciences, Hatfield,
PA, USA) overnight at 4°C. The next day, the
fixative solution was aspirated, and the retinas were
dissected out, rinsed, and permeabilized with PBS
containing 0.1% sodium citrate and 0.2% Triton-
X100 for five minutes. Retinas were blocked in
5% normal donkey serum (Cat no. 017-000-121,
Jackson ImmunoResearch Labs Inc., West Grove,
PA, USA) and 1% Triton X-100 in PBS overnight.
To count surviving RGCs, whole-mount retinas were
immunostained with Brn3a antibody (1:500 dilution,
Cat# MABI585, EMD Millipore, Bedford, MA)
and/or RBPMS antibody (1:500 dilution, Cat no.
GTX118619; GeneTex, Irvine, CA, USA) for three
days at 4°C followed by Alexa Fluor 488 donkey
anti-mouse or Texas red-conjugated goat anti-rabbit
IgG (1:250 dilution; Invitrogen, Carlsbad, CA, USA)
overnight at 4°C. To determine glial activation, retinas
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were stained for the microglial activation marker Ibal
(ionized calcium-binding adaptor molecule 1, 1:500
dilution, Cat no. ab178846; Abcam, Cambridge, MA,
USA) and the astrocyte activation marker glial fibril-
lary acid protein (GFAP; 1:500 dilution, Cat no.
12389; Cell Signaling Technology) for two days at
4°C followed by Alexa Fluor 647 donkey anti-rabbit
IgG (1:250 dilution; Jackson ImmunoResearch Labs)
overnight at 4°C. Using a sharp scalpel blade, the
retinas were cut into four petal shapes for flat mounts
and mounted with Vectashield mounting medium (H-
1200). Four fields from each mid-peripheral retina were
taken using an objective lens x20 with a Zeiss confo-
cal microscope (Nikon Eclipse Ti; Nikon Instruments
Inc., Tokyo, Japan). The percentage of RGC survival
was calculated as the ratio of surviving RGC numbers
(cells/mm?) in injured eyes compared to contralateral
uninjured eyes.

Axonal Transportation

CT-Bis an established neuronal tracer used to assess
retinal projection to the brain.*’ To assess anterograde
axonal transport, the mice were anesthetized with
ketamine/xylazine and intravitreally injected with 1 uLL
of 0.2% CT-B (Alexa Fluor 555 Conjugate; Thermo
Fisher, , St. Louis, MO, USA; Cat no. C22843). After
the injection, the needle was slowly withdrawn, and the
injected area was treated with an antibiotic ointment.
The next day, the mice were sacrificed, and the optic
nerves were dissected, fixed in 4% PFA overnight, and
dehydrated in methanol for five minutes. The optic
nerves were cleared by incubation with Visikol HISTO-
1 for one week, transferred to Visikol HISTO-2 and
incubated for an additional week. Optic nerves were
mounted in Visikol HISTO-2 solution and imaged
using an objective lens x 10 with confocal microscopy.
The mean fluorescence intensities were analyzed using
ImageJ software (NIH).

Pattern Electroretinography (pERG)

To assess RGC function, pERG was performed
using the pERGsystem (Jorvec, Inc., Miami, FL,
USA) as previously described.*® Briefly, the mice were
anesthetized with ketamine/xylazine. After that, a drop
of GenTeal gel (Alcon Laboratories, Fort Worth, TX,
USA) was applied to the cornea, and body tempera-
ture was maintained at 37°C using a thermal pad. To
acquire pERG responses, a needle electrode (Intelli-
gent Hearing Systems, Miami, FL, USA) was inserted
subdermally on the snout. The reference electrode was
inserted on the back of the head, and the ground
electrode was placed at the base of the tail. The
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center of the display monitors was positioned 10 cm
from each eye. The pattern consisted of four cycles
of the white elements at maximum luminance and
the black elements at minimum luminance. For each
eye, 372 traces were recorded, the average waveform
was calculated, and the amplitude (uV) from the first
positive peak (P1) to the second negative peak (N2) was
measured.

Statistical Analysis

GraphPad Prism software version 9 (GraphPad
Prism Software, Inc., San Diego, CA, USA) was used
for statistical analyses. We used one-way analysis of
variance and multicomparison tests to determine the
significance of differences among the animal groups. A
P value < 0.05 was considered statistically significant.

Transduction of AAV-2-Delivered sHsps in
Retinal RGCs

We used an RGC-specific neurofilament light chain
promoter (Ple345) to drive the expression of sHsps
in RGCs (Supplementary Fig. S1).** Figure 1A shows
retinal sections immunostained for sHsps. Intravitreally
delivered AAV2-sHsps resulted in extensive transduc-
tion of sHsps in RGCs after four weeks. In parallel,
Western blots of retinal homogenates showed robust
expression of sHsps (Fig. 1B).

AAV2-HSPB1 Protects RGCs From I/R Injury in
Mice

To determine which sHsp is the most protective
against RGC death in the retina, we first tested them
in mice with retinal I/R injury. We intravitreally deliv-
ered AAV2-sHsps and, after four weeks, induced I/R
injury. Two weeks post-I/R injury, the retinas were
dissected, flat mounted and immunostained for RGC
marker, brain-specific homeobox/POU domain protein
3A (Brn3a). We observed non-specific staining for
mouse IgGs in blood vessels. Mice receiving vehicle
alone after I/R injury showed a 57% loss of Brn3a +ve
RGC:s in the mid-peripheral retina relative to uninjured
retinas (P < 0.0001, Figs. 1C, 1D). However, with
prior AAV2-sHsp administration, the RGC losses were
44%, 33%, 19%, and 11% with AAV2-HSPB4, AAV2-
HSPB5, AAV2-HSPB6, and AAV2-HSPBI, respec-
tively. When compared to the vehicle-treated eyes, these
values were significantly different for AAV2-HSPB6
(P < 0.05) and AAV2-HSPBI (P < 0.01). Among
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the four AAV2-sHsps tested, AAV2-HSPBI was the
most efficient in protecting RGCs and was selected for
further testing.

Because a previous study showed that intravitreal
HspB1 injection leads to RGC loss in rats within three
weeks,>> we first assessed whether RGC-specific expres-
sion of HspBI causes retinal damage. Hematoxylin and
eosin staining of sections of the ocular globes six weeks
after AAV2-HSPBI injection (1 and 5 x 10° vg/retina)
had no adverse effects on retinal morphology. In
addition, we measured RBPMS +ve RGC numbers
in the retinal cross-sections of AAV2-HSPBI-injected
eyes. The RGC numbers were similar between AAV2-
HSPBI and uninjured contralateral eyes (Supplemen-
tary Fig. S2).

Prophylactic Effects of AAV2-HSPBT1 in a
Mouse Model of Glaucoma

The pathogenesis of glaucoma is not well under-
stood, but elevated IOP is a significant risk factor for
RGC death and axonal damage.*”>> Thus we deter-
mined whether AAV2-HSPBI protects RGCs against
ocular hypertension. We injected 2 pLL of MB into the
anterior chamber of the right eye of mice to reduce
the aqueous outflow and elevate the IOP.>' We injected
AAV2-HSPBI (1-5 x 10'> vg/mL) or AAV2-control
(1 x 10'> vg/mL) into the vitreous one week before
injecting MB (Fig. 2A). The baseline IOP was ~10
mm Hg, it was significantly (P < 0.0001) elevated after
one week of MB injection and then gradually declined
over the following four-week period but remained
significantly (P < 0.001) elevated over control eyes
(Fig. 2B). We assessed the expression of HspBl in
whole retinal flat mounts. The injection of AAV2-
HSPBI did not change the number of RBPMS +ve
RGCs compared to the uninjured contralateral eyes
(Supplementary Fig. S3A). Based on the immunoflu-
orescence intensity, AAV2-HSPBI injection robustly
increased the levels of HspBI in both RGC somas
and axons after six weeks of injection (Supplemen-
tary Fig. S3B). The injection of AAV2-control did not
result in the alteration of HspB1 in RGCs. Retinal flat
mounts immunostained for Brn3a showed that only
57% of RGCs survived in MB injected eyes relative to
the contralateral eyes (Figs. 2C, 2D; P < 0.0001). The
AAV2-control injected eyes had 63% surviving RGCs
compared to the control (P < 0.001); this was not
statistically significant when compared to the vehicle
control. However, AAV2-HSPBI treatment at 1 x 10°
vg and 5 x 10° vg/retina robustly protected the RGCs;
the surviving RGCs were 87% and 99% compared to
the control, respectively. When compared to the vehicle
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Figure 1.

AAV2-sHsp protects RGCs from ischemia/reperfusion injury in mice. (A) Expression of sHsps in RGCs after AAV2-mediated deliv-

ery. AAV2-sHsps (1 uL from the stock of 1 x 10'2 viral genomes/mL) were intravitreally injected into the right eye. The left eye was uninjected
and served as the control. After four weeks, retinal sections were fixed and stained with antibodies to determine the expression of sHsps in
the RGCs (N = 3). Magnification x 40. Cont, control; AAV-2, AAV2-sHsp-injected specimens. (B) After four weeks, whole retinas were homog-
enized. The homogenate was subjected to Western blotting for sHsp. In each Western blot, lanes 2 and 3 are controls, and lanes 4 and 5
are AAV2-sHsp-injected specimens. GAPDH was used as the loading control (N = 2). (C) Mice were subjected to I/R injury four weeks after
intravitreal injection of AAV2-sHsp. Retinas were isolated, fixed and immunostained for RGCs with Brn3a antibody two weeks later. Scale bar:
100 um. (D) The bar graph shows the number of RGCs/mm? in the mid-peripheral retina. Data represent the mean 4= SEM for groups of five
to seven mice. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear

translational vision science & technology

layer; RPE, retinal pigment epithelium.

control, the RGC numbers were significantly higher
in both 1 x 10° vg/retina (P < 0.05) and 5 x 10°
vg/retina (P < 0.01) treated eyes. Brn3a labels about
~80% of the total RGCs in rodent retinas, and its
expression could be decreased under stress conditions
in surviving RGCs. °> To determine whether Brn3a
labeling accurately reflected RGC death, we verified the
effect of AAV2-HSPBI on RGCs by RBPMS label-
ing. RPBMS staining showed 67% (p < 0.001) and
92% surviving RGCs in the AAV2-control and AAV2-
HSPBI (1 x 10° vg/retina) injected eyes compared

to the controls, respectively (Supplementary Fig. S4).
Together, these data suggested that the overexpression
of HspBI prevented the loss of RGCs after IOP eleva-
tion.

We next measured anterograde transport to assess
RGC axonal health. The fluorescence intensity from
intravitreally injected cholera toxin subunit B conju-
gated to Alexa Fluor 555 (CT-B) was measured from
along the length of the optic nerve up to the optic
chiasm, as previously described.”® In control animals,
CT-B fluorescence was present throughout the length
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Figure 2.

Prophylactic effects of AAV2-HSPBT in a mouse model of glaucoma. (A) The AAV2-HSPB1 injection timeline for a mouse model of

glaucoma is shown. MBs were injected into the anterior chamber of one eye two weeks after the intravitreal injection of AAV2-HSPB1 (1 pL
from the stock of 1 x 102 viral genomes/mL and 2 pL from the stock of 2.5 x 102 viral genomes/mL). Four weeks later, retinal flatmounts
were fixed and immunostained for RGCs. (B) The IOP of MB-injected eyes was significantly elevated one week post-MB injection (WPI). (C)
Afterimmunostaining whole retinal flatmounts with Brn3a, four areas in the mid-periphery were selected to determine RGC density. Confocal
microscopic images were captured from the selected retinal areas in the contralateral (control), vehicle-treated, AAV2-control-treated, and
AAV2-HSPB1-treated groups at four WPI. Scale bar: 100 um. (D) The bar graph shows the number of RGCs. (E) Mice were injected as above,
and after four weeks, Alexa Fluor 555-conjugated CT-B (1 pL, 0.2%) was injected intravitreally. The animals were killed 24 hours after CT-B
injection and the optic nerves were dissected out. Confocal microscopic (TRITC filter) images were captured along the length of the optic
nerve. Scale bar: 1000 um. (F) Quantification of the CT-B intensity. Data represent the mean =+ SEM of four to eight independent experiments.
Each data point represents one animal. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not significant.
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of the optic nerve (Figs. 2E, 2F). Four weeks after
MB injection, the CT-B intensity significantly (P <
0.05) decreased by 43% compared to the control. The
administration of AAV2-control also showed a 39%
decrease, which was not significant when compared to
vehicle-treated eyes (P < 0.05). However, on AAV2-
HSPBI administration, the CT-B labeling intensity
was 84% of that of the control at a viral load of 1
x 10° vg/retina. Interestingly, the CT-B fluorescence
intensity with the injection of a viral load of 5 x
10° vg/retina showed the same level as the control
group, indicating that HspB1 expression before the
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there were no significant differences between 1 x 10°
and 5 x 10° vg/retina in RGC survival and functional-
ity, we tested the protective ability of AAV2-HSPBI at
the lower concentration in subsequent experiments.

Therapeutic Effects of AAV2-HSPB1 in a
Mouse Model of Glaucoma
We tested whether AAV2-HSPBI protects RGCs

in mice with established ocular hypertension. AAV2-
HSPBI was injected into the vitreous one week after

injury successfully prevented the ocular hypertension-
mediated axonal transport deficits. However, because

MB injection (Fig. 3A). To maintain high IOP levels,
we injected MB a second time three weeks after the
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Figure 3. Therapeutic effects of AAV2-HSPB1 in a mouse model of glaucoma: Effect on the time-dependent progression of RGC death. (A)
The AAV2-HSPB1 injection timeline for a mouse model of glaucoma is shown. MB were injected into the anterior chamber of one eye one
week before the AAV2-HSPB1 injection (1 L from the stock of 1 x 102 viral genomes/mL). Five weeks later, retinal flat mounts were fixed
and immunostained for RGCs and HspB1. (B) The IOP of MB-injected eyes was significantly elevated at one WPI and remained significantly
higher for six weeks. (C) Retinal flat mounts were immunostained for HspB1 and RPBMS (for RGCs). AAV2-HSPB1 injection resulted in robust
expression of HspB1in RGCs at 5 WPI. (D) The Brn3a +ve RGCs from the mid-peripheral retina are shown for each group. Confocal microscopic
images were captured in contralateral (control), MB + vehicle-treated, MB + AAV2-control-treated, and MB + AAV2-HSPB1-treated groups
at six WPL. (E) The bar graph shows the quantification of Brn3a +ve RGC loss in retinal flat mounts. Data represent the mean £ SEM of 5-7
independent experiments. Each data point represents one animal. (F) Effect of AAV2-HSPB1 treatment on the time-dependent RGC loss in
the mid-peripheral retina one, two, four, and six WPl is shown. *P < 0.05; **P < 0.01; ***p < 0.001; ****P < 0.0001. ns, not significant. Scale
bar: 100 um.
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first injection. The MB injection significantly elevated
IOP (P < 0.0001) after one week, and the elevation
was sustained over six weeks (Fig. 3B). There was no
difference in the IOP levels between AAV2-HSPBI-
and AAV2-control-injected eyes. To determine the
optimum time window for the maximum expression of
HspB1, we immunostained retinal flat mounts (from
retinas harvested at one-week intervals) for HspBI.
HspB1 expression in RGC somas was detectable at
one-week after AAV2-HSPBI injection; the expres-
sion gradually increased over a five-week postinjection
period (Fig. 3C). HspB1 was detectable in RGC somas
and axons after three weeks, and the levels increased
at five weeks after injection. Six weeks after MB injec-
tion, RGC numbers were significantly decreased in the
vehicle (37%, P < 0.0001) and AAV2-control-treated
(33%, P < 0.001) groups when compared to the control
(Fig. 3D, 3E). In contrast, the intravitreal delivery of
AAV2-HSPBI significantly (P < 0.05) inhibited RGC
loss; the remaining RGCs were 86% of the controls.
These results indicated that AAV2-HSPBI may halt
RGC death after injury onset.

We next determined whether a single administration
of AAV2-HSPBI can stop RGC loss in IOP-elevated
eyes when RGC loss has already begun. This situa-
tion is relevant to the clinical setting, where glaucoma
patients often have lost some degree of vision because
of RGC loss at their first visit. AAV2-HSPBI was
injected into the vitreous one week after MB injec-
tion; mice were killed at one, two, four, and six weeks
after M B injection. Control eyes did not show changes
in RGC number. However, the RGC numbers in the
AAV2-control-injected eyes were approximately 92%
of the control eyes at one week after MB injection,
and they were 85%, 67%, and 64% at two, four, and
six weeks after MB injection, respectively (Fig. 3F). In
the eyes that received AAV2-HSPBI one week after
MB injection, the surviving RGCs were 95%, 91%, and
88% at two, four, and six weeks after MB injection,
respectively. Representative retinal images are shown in
Supplementary Figure S5. These results suggested that
a single injection of AAV2-HSPBI protected RGCs
despite a sustained elevation in IOP and that the
protection of RGCs was consistently significant over
six weeks.

Next, we determined whether treatment with AAV2-
HSPBI in 10P-elevated eyes prevented anterograde
axon transport deficits. After six weeks of IOP eleva-
tion, the fluorescence intensity of CT-B in the optic
nerve was decreased by 22% and 32% in the vehicle
and AAV2-control-injected groups, respectively (Fig.
4A and 4B). However, the administration of AAV2-
HSPBI significantly (P < 0.05) protected the reduction
in CT-B intensity; the decrease was only 8% compared
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to the control. Together, these results suggested that
AAV2-HSPBI gene therapy in IOP-elevated eyes
simultaneously inhibited somal and axonal damage in
RGCs.

Several studies have shown that excessive microglial
activation can cause synapse loss and contribute to
the death of RGCs in glaucoma.>* In addition, astro-
cytes and Miiller glia, which provide stability to neural
tissue under normal conditions, show abnormal activ-
ity in response to damage, resulting in the upregula-
tion of GFAP, which can interfere with axonal trans-
port in glaucoma.’>® Therefore we assessed the effect
of AAV2-HSPBI on glial activation in ocular hyper-
tension. MB-mediated IOP elevation caused microglial
activation after one week, and it gradually increased
over the remaining period of the experiment (Supple-
mentary Fig. S6). Six weeks after MB injection,
microglial cells were highly activated, but the AAV2-
HSPBI-injected group showed decreased activated
microglial cells compared to the AAV2-control-injected
group (Fig. 4C). Immunostaining for GFAP was
robustly increased in the MB-injected AAV2-control
group, but it was reduced in the AAV2-HSPBI-
injected group (Fig. 4D). These results suggested that
RGC-specific HspB1 expression inhibited retinal glial
activation.

Long-Term Study

We then assessed the long-term protective effects
of AAV2-HSPBI. We injected MB at the start of the
study and at three and six weeks after the first injec-
tion to maintain elevated IOP. The IOP was elevated
in a sustained manner up to 10 weeks and slowly
decreased over the next 10 weeks (Figs. SA, 5B). As
shown in Figures 5C and 5D, the clevation of 10P
led to a decrease in the number of RGCs by 50%
(P < 0.0001) at 20 weeks after MB injection when
compared to the control, whereas one-time injection
of AAV2-HSPBI significantly inhibited RGC loss; the
remaining RGCs were 84% of the control, and it was
significantly (P < 0.0001) higher than AAV2-control-
injected group. In addition to RGC survival, we also
assessed the function of RGCs. The pERG waveform
and the P1 amplitude showed reduced signals by 38%
in the MB+AAV2-control group when compared to
the uninjected control group (P < 0.01). The injec-
tion of AAV2-HSPBI significantly (P < 0.05) inhib-
ited the IOP-mediated pERG amplitude reduction; the
reduction was only 9% when compared to the control
eyes (Figs. SE, 5F). These results indicated that intravit-
real delivery of AAV2-HSPBI had sustained beneficial
effects on RGCs over the study period.
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Figure 4. Therapeutic effects of AAV2-HSPB1 in a mouse model of glaucoma: Effects on axonal transport and glial activation. MB were
injected into the anterior chamber of the eye one week before and two weeks after AAV2-control or AAV2-HSPB1 injection. (A) Six weeks
after MB injection, mice were intravitreally injected with Alexa Fluor 555-conjugated CT-B (1 pL, 0.2%), and the optic nerve was isolated.
Confocal microscopic images were captured along the entire length of the optic nerve. Scale bar: 1000 um. (B) Quantification of the CT-B
intensity. (C, D) Inhibitory effect of AAV2-HSPB1 on glial activation. Six weeks after MB injection, representative images of the retinal GCL layer
showing (C) Iba1 (activated microglial marker, purple) and (D) GFAP (activated astrocyte marker, green) in retinal flat mounts. Data represent
the mean =+ SEM of six to nine (A, B) and three to four (C, D) independent experiments. Each data point represents one animal. *P < 0.05; **P

< 0.01. ns, not significant. Scale bar: 100 pm.

The objectives of this study were to determine which
of the four tested sHsps was better at protecting RGCs
under glaucomatous stress and to determine whether
the RGC-specific expression of sHsps prevents somal
and axonal damage in a mouse model of glaucoma.
We found that HspB1 is better than the other three in
preventing RGC death under I/R stress.

Notably, several previous studies have shown that
HspB1 levels in the retinas of animal models of
glaucoma are elevated when RGC numbers are
decreased. For example, one study showed that intrav-

itreal injection of HspB1 caused degeneration of
RGCs in rat retinas.® Other studies have shown
that HspB1 levels are elevated in an experimental
rat model of glaucoma’®->” and in rat eyes subjected
to an acute elevation of IOP after 30-90 minutes.*
These studies suggested that elevated HspB1 or exoge-
nous HspB1 supplementation is harmful to RGCs.
However, other studies indicated that high levels
of HspBl protected RGCs under conditions that
promote their death. For example, HspB1 upregula-
tion through cobalt chloride administration protected
rat retinal RGCs when subjected to ischemic injury.>
The induction of HspBl and protection of RGCs
were observed after intravitreal injection of the HMG-
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Figure 5. Long-term efficacy of AAV2-HSPB1 in a mouse model of glaucoma: Effects on axonal transport and glial activation. (A) The AAV2-
HSPB1 injection timeline for a mouse model of glaucoma is shown. MB were injected into the anterior chamber of the eye at the start of
the experiment and at three weeks and six weeks. AAV2-control or AAV2-HSPBT (1 uL from the stock of 1 x 10'? viral genomes/mL) was
injected intravitreally one WPI. (B) The IOP of MB-injected eyes was significantly elevated one WPI, remained significantly higher over ten
weeks and then gradually decreased between 10-20 weeks. (C) After 20 weeks, retinas were isolated, retinal flat mounts were fixed and
immunostained for RGCs (Brn3a, green). Confocal microscopic images were captured from the mid-peripheral regions of the retina in the
contralateral (control), MB 4+ AAV2-control-treated, and MB + AAV2-HSPB1-treated groups at 20 weeks. (D) Bar graph showing Brn3a +ve
RGCs in retinal flat mounts. (E) Representative pERG response at 20 weeks. (F) Quantification of the P1 amplitude of pERG. Data repre-
sent the mean =+ SEM of five to 11 independent experiments. Each data point represents one animal. *P < 0.05; **P < 0.01; ***P < 0.001;
**¥%p < 0.0001; ns = not significant. Scale bar: 50 um.

CoA reductase inhibitor simvastatin after optic nerve
axotomy.®’ Furthermore, ischemia-mediated precondi-
tioning caused an increase in the expression of HspB1,
which protected RGCs after optic nerve injury in rats.%!
Similar beneficial effects of HspB1 were observed in
I/R-injured mouse retinas.>* These seemingly contrast-
ing effects of HspB1 are puzzling. One likely explana-
tion for the conundrum is that the elevation of HspBI

in some of the animal models mentioned above may
not occur within RGCs but may occur in other cells of
the retina; hence, the lack of RGC protection. Another
point to be noted here is that studies that used recom-
binant HspB1 might have inadvertently introduced
minor contaminants (present in the protein prepara-
tion) into the eye. Bacterial-expressed sHsps invariably
have minor proteins that copurify with sHsps (possi-
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bly because of their binding to sHsps), which could
have caused RGC death. Further studies are needed to
clarify this issue.

Another possibility to consider is that HspB1, even
though upregulated in animal models of glaucoma,
could become less active or inactive because of
posttranslational modifications and consequently less
able to protect RGCs. Although phosphorylation is
likely to enhance its activity,%”> other modifications, if
co-occurring, could have the opposite effect. Support
for this notion comes from studies on HspB5 in animal
models of diabetic retinopathy, where HspBS5 is upreg-
ulated,®® but its chaperone activity is compromised,
likely because of posttranslational modifications.®

Another issue is related to autoantibodies against
HspBl. RGC death and axonal degeneration have
been noted in rats immunized with HspB1 followed by
elevation of IOP.% Furthermore, serum autoantibod-
ies for HspB1 are elevated in glaucoma patients,®® and
such autoantibodies have been shown to cause RGC
death.%” The eyes are somewhat immune privileged;
therefore exogenous HspBl1 in the eye may not elicit
an immune response. In our study, the possibility of
an immune response is even less likely, as we expressed
HspB1 only in RGCs. Such expression did not affect
the morphology of retina or other eye tissues after six
weeks of AAV2-HSPBI injection.

We envision several mechanisms by which HspBl1
protects RGCs: (1) HspB1 is a stress-inducible molecu-
lar chaperone. Under normal conditions, HspB1 exists
as large oligomers with a molecular mass up to 800
kDa.®® Nevertheless, under stress conditions, HspB1
is phosphorylated and assumes a smaller dimeric and
oligomeric structure, which enhances its chaperone
activity.®” Through its ATP-independent chaperone
activity, it binds partially denatured proteins, prevent-
ing them from undergoing complete denaturation and
loss of their activity. Whether the expression of HspB1
in RGCs prevents protein denaturation and thereby
protects against RGC death needs further investiga-
tion. (2) Another mechanism is related to the antiapop-
totic activity of HspBl. HspBl inhibits apoptosis
through interactions with key components of the
apoptotic signaling pathway; it inhibits Bax-mediated
mitochondrial apoptosis through activation of the
cell survival PI3-kinase/AKT pathway.”’ In addition,
HsPB1 can bind to cytochrome ¢ and procaspase-3
and bind to tumor necrosis factor-related apoptosis-
inducing ligand and Fas, all of which can inhibit
apoptosis.”!*”? (3) The ability of HspBl to prevent
oxidative damage through upregulation of cellular
GSH and reduction of ROS7*" is yet another possi-
ble mechanism by which it can prevent RGC death in
IOP-elevated eyes. A previous study reported that in the
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mouse eye subjected to optic nerve crush, among the
40+ subtypes of RGCs, some were resistant, whereas
others were susceptible to death.’? It is possible that
HspB1 expression prevented the death of ocular hyper-
tension susceptible RGCs.

In our study, the expression of HspBl1 in RGCs
attenuated IOP-induced anterograde axonal transport
defects. HspBl1 plays a key role in preventing cytoskele-
tal protein damage in stressed cells.”> 7® In glaucoma,
the disruption of axonal cytoskeletal proteins, such
as neurofilaments, microtubules, and tau, has been
observed.” Tau, a neuronal microtubule-associated
protein, plays a crucial role in the maintenance and
function of axons. In glaucoma, tau assembles into
abnormal filaments via hyperphosphorylation, impairs
axonal transport, and increases susceptibility to excito-
toxic damage.’’ Previous studies have shown that
HspBI1 directly binds to hyperphosphorylated tau and
degrades it*!-*?; thus HspBl-mediated microtubule
stabilization likely improves the axonal transport rate.

Microglia and astrocytes, immunocompetent cells
of the central nervous system, have important roles in
initiating the inflammatory process and tissue repair
in the retina.’* Microglia and astrocytes are mainly
located in the ganglion cell layer. When activated,
they release inflammatory mediators such as cytokines,
reactive oxygen species, and tumor necrosis factor—o,
leading to inflammatory damage.®* We observed that
microglial activation was attenuated by AAV2-HSPBI
in our mouse model of glaucoma, which could have
played a role in the prevention of RGC death.

There was a disconnect between RGC loss and P1
amplitude reduction in the MB injected eyes; whereas
the loss of RGCs was ~50% after 20 weeks of MB
injection, the reduction in P1 amplitude was ~38%.
Although the general consensus is that the pERG
response is a well-accepted indicator of RGC function
in early glaucoma, pERG amplitude and the RGC
counts are not expected to be perfectly linear in
magnitude over time. Whether AAV2-HSPBI injec-
tion inhibits axonal damage needs to be investigated.
Another point to note is that AAV2-HSPB6 injection
showed RGC protection comparable to AAV2-HSPBI
during the I/R injury. Further studies are needed to
determine its efficacy in animal models of glaucoma.

In conclusion, intravitreal administration of AAV2-
HSPBI showed RGC-specific expression of HspBl,
which protected both RGC somas and axons in
mouse eyes with elevated IOP. The ability to protect
RGC:s in a sustained manner with a single intravitreal
administration of AAV2-HSPBI has attractive poten-
tial for development as adjunctive gene therapy (in
addition to IOP-lowering therapies) to save vision in
glaucoma.
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