© The American Society of Gene & Cell Therapy

original article

Virus-mediated EpoR76E Therapy Slows Optic
Nerve Axonopathy in Experimental Glaucoma
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Glaucoma, a common cause of blindness, is cur-
rently treated by intraocular pressure (IOP)-lowering
interventions. However, this approach is insufficient to
completely prevent vision loss. Here, we evaluate an
IOP-independent gene therapy strategy using a modi-
fied erythropoietin, EPO-R76E, which has reduced ery-
thropoietic function. We used two models of glaucoma,
the murine microbead occlusion model and the DBA/2)
mouse. Systemic recombinant adeno-associated virus—
mediated gene delivery of EpoR76E (rAAV.EpoR76E) was
performed concurrent with elevation of IOP. Axon struc-
ture and active anterograde transport were preserved in
both models. Vision, as determined by the flash visual
evoked potential, was preserved in the DBA/2). These
results show that systemic EpoR76E gene therapy pro-
tects retinal ganglion cells from glaucomatous degen-
eration in two different models. This suggests that EPO
targets a component of the neurodegenerative pathway
that is common to both models. The efficacy of rAAV.
EpoR76E delivered at onset of IOP elevation supports
clinical relevance of this treatment.
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INTRODUCTION

Glaucoma is the most common cause of permanent blindness world-
wide. It is a progressive optic neuropathy characterized by degenera-
tion of retinal ganglion cell (RGC) axons and subsequent death of
RGC somata. Although age is the single most significant risk factor
for development of glaucoma, intraocular pressure (IOP) is the only
modifiable risk factor. Pharmaceutical and surgical interventions that
lower IOP slow but do not always halt progression of the disease."
In addition, poor patient compliance in administering IOP-lowering
eye drops is a significant challenge. Due to the shortcomings in IOP-
lowering therapeutic strategies, an IOP-independent approach that
blocks the neurodegeneration underlying vision loss in glaucoma
is needed. To avoid challenges of poor patient compliance with eye
drops, a new therapy would ideally have a prolonged therapeutic
effect since glaucoma is a long-term, progressive degeneration. We
propose gene therapy, which can provide long-term, continuous
delivery of a neuroprotective molecule after a single injection.

Erythropoietin (EPO) is a cytokine that regulates erythropoi-
esis. After secretion into the systemic circulation by the liver, EPO
binds and interacts with its cognate receptor—the erythropoietin
receptor (EpoR) homodimer—to inhibit apoptosis of erythroid
progenitor cells and facilitate erythrocyte production (for review,
see ref. 3). In addition, EPO and its receptor are produced at lower
levels in nonhematopoietic tissue including the retina.* In the cen-
tral nervous system, EPO acts on a variety of cell types where it
plays a role in regulating cell death, oxidative stress, and neuroin-
flammation (for review, see ref. 5). Due to these pleiotropic effects,
EPO possesses significant therapeutic potential in neurodegener-
ative diseases. However, recombinant EPO is of limited utility for
the treatment of glaucoma due to slow disease progression, the
short half-life of EPO in vivo, and the increase in red blood cell
production caused by repeat treatment with systemic EPO.*” To
overcome these obstacles, we use viral gene delivery of a mutant
form of EPO, EPO-R76E, that has attenuated erythropoietic activ-
ity.®® Treatment with recombinant adeno-associated virus (rAAV)
provides sustained, long-term delivery of EPO-R76E without
a dangerous rise in hematocrit.** Furthermore, we previously
demonstrated that rAAV.EpoR76E is neuroprotective in multiple
models of neurodegeneration.!®!!

We previously showed that systemic gene delivery of rAAV.
EpoR76E given prior to development of elevated IOP in the
DBA/2] mouse model of pigment dispersion glaucoma preserved
the RGC axons, cell bodies, and vision out to 10 months of age.”'?
In the current study, we extend these results in two important
ways. First, we performed treatment at the onset of IOP increase,
the earliest time point for clinical intervention. Second, we tested
therapeutic efficacy in an inducible model of glaucoma, the
murine microbead occlusion model.'*!* The DBA/2]J exhibits neu-
roinflammation in the retina prior to development of elevated IOP,
potentially due to altered ocular immune privilege in this strain
and could confound glaucoma studies.”” The mouse microbead
occlusion model also models closed angle glaucoma, but without
pigment dispersion or high baseline neuroinflammation."” One of
the earliest signs of glaucoma is a deficit in axon transport, which
is influenced greatly by age.’*!*'8 In both models, axon trans-
port deficits precede axon degeneration, which precedes RGC
death.”® In the DBA/2] in particular,’ RGC bodies in the retina
persist after a period of axonopathy that includes early deficits in
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anterograde transport.”'® We report the effects of rAAV.EpoR76E
on axon transport, optic nerve histology, and vision.

RESULTS

Systemic gene delivery of EpoR76E does not cause an
unsafe rise in hematocrit in the microbead occlusion
model

Mice in both the pre- (59+9%) and post-IOP induction treat-
ment groups (55+4%) showed a significant increase in hemato-
crit as compared to mice that received rAAV2/8.eGFP (42 +3%;
P < 0.001) or rAAV2/1.eGFP (44+2%; P < 0.001), respectively
(Figure 1a). The hematocrit level in both rAAV.eGFP cohorts was
within the normal range for mice.” In all cases, the hematocrit
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Figure 1 Systemic rAAV-mediated delivery of EpoR76E causes a rise in
hematocrit and serum EPO concentration in microbead-injected mice.
Hematocrit and serum EPO concentration were assessed at collection.
(a) Box plot of hematocrit levels in mice that received rAAV2/8. mEpoR76E
(Pre-IOP) and rAAV2/1.hEpoR76E (Post-IOP) compared to mice that received
rAAV.eGFP of the corresponding serotype. (b) Box plot of serum EPO con-
centration in mice that received rAAV2/1.eGFP or rAAV2/1.hEpoR76E.
Data are unavailable for mice that received rAAV2/8.mEpoR76E due to
insufficient sensitivity of the ELISA kit to mEPO. EPO, erythropoietin; 10P,
intraocular pressure; rAAV, recombinant adeno-associated virus.
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was well below that induced by wild-type EPO, and phlebotomy
was not needed.” Animals in the post-IOP treatment group had a
significantly increased serum EPO concentration of 67 +28 mIU/
ml as compared to 2.4+0.6 mIU/ml in rAAV2/1.eGFP-injected
mice (P < 0.01; Figure 1b). This increase is similar to our previ-
ously published studies using this gene therapy strategy.’”

Systemic gene delivery of EpoR76E does not influence
IOP elevation in the microbead occlusion model

Either 1 month following rAAV2/8.mEpoR76E administration
(pre-IOP group) or immediately prior to rAAV2/1.hEpoR76E
administration (post-IOP group), IOP was elevated by ante-
rior chamber injection of polystyrene microbeads as described
previously.”* IOP was elevated to an average of 3.6+0.3mm Hg
(average + SEM; P < 0.001) at 1 week post-injection and remained
stable over the course of the study (Figure 2a). No significant ele-
vation of IOP was observed in the saline-injected animals. When
stratified by treatment group, we observed no difference in IOP
elevation either initially or over the 4-week period between ani-
mals receiving rAAV.EpoR76E or rAAV.eGFP (Figure 2b-d), sug-
gesting that the effects of rAAV.EpoR76E gene therapy are not due
to lowering IOP. This was true whether assessing absolute value of
IOP or change from baseline (Figure 2b-d).

Both pre- and post-IOP treatment with rAAV.EpoR76E
maintains normal RGC anterograde transport in the
microbead occlusion model

Active anterograde axon transport of fluorescent cholera toxin b
(CTB) from the RGC to the superior colliculus (SC) was quan-
tified and converted to a retinotopic map following previously
published methods.'”?"** In saline-injected mice, CTB was trans-
ported to all retinotopic regions of the SC as expected (Figure 3a).
In contrast, focal deficits in transported signal were apparent in the
rAAV.eGFP-treated microbead-injected animals (Figure 3b). The
pattern of this deficit progressing from the periphery to the repre-
sentation of the optic nerve is consistent with previous findings.”
These deficits were largely absent in both the pre- and post-IOP
treatment groups (Figure 3¢,d). Quantification of intact transport
throughout the SC volume showed 94+5% and 75+15% axon
transport in rAAV.eGFP-treated mice that received an intravitreal
injection of saline and microbeads, respectively. Active antero-
grade transport was significantly improved in both the pre- and
the post-IOP treatment groups at 95+ 6% and 90+ 8%, respec-
tively (P < 0.01; Figure 3e). Neither rAAV.EpoR76E treatment
group was statistically different from the saline-injected group,
nor were the treatment groups statistically different from each
other.

Both pre- and post-IOP treatment with

rAAV.EpoR76E preserves RGC axons in the

microbead occlusion model

In saline-injected eyes, the optic nerves contained healthy axons
as determined by the clear axoplasm surrounded by darkly
stained myelin (Figure 4a). In contrast, 4 weeks after micro-
bead injection, many degenerating axon profiles were detected
(Figure 4b). Degenerative axons were identified by dark axo-
plasm and/or multi-layering of myelin (Figure 4b-d, arrows).
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Figure 2 Intraocular pressure is increased in mice receiving anterior chamber microbead injection. (a) Graph of IOP level in microbead-injected
mice compared to saline-injected mice over a 4-week period following injection (n = 60). (b) Graph of change in IOP in each experimental group
over time. (c) Graph of change in IOP elevation from baseline over time in mice that received rAAV2/8.mEpoR76E or rAAV2/8.eGFP 1-month prior to
microbead injection (pre-IOP). (d) Graph of change in IOP elevation from baseline over time in mice that received rAAV2/1.hEpoR76E or rAAV2/1.
eGFP immediately after microbead injection (post-IOP). Arrows in ¢ and d indicate onset of gene expression from rAAV. |OP, intraocular pressure;

rAAV, recombinant adeno-associated virus.

Optic nerves from both the pre- and post-IOP rAAV.EpoR76E
treatment groups appeared to have fewer degenerative axons
than the rAAV.eGFP-injected mice (Figure 4c,d). The percentage
of degenerating RGC axons was 2.1+1.2% and 1.8+0.7% in the
microbead-injected mice that received rAAV.eGFP pre- or post-
IOP elevation, respectively. Fewer degenerating axons were pres-
ent in the optic nerves from microbead-injected mice that received
rAAV.EpoR76E either pre- or post-IOP elevation; 1.2+0.4%
(P <0.01) and 1.2£0.6% (P < 0.05), respectively (Figure 4e). In
addition, the groups showed unequal variances of percent degen-
erating axons (P < 0.001). In the microbead, pre-IOP, rAAV2/8.
eGFP mice, 43% of the optic nerves had 3.2+0.9% degenerating
axons (circled area), while the remaining had 1.3+0.2% degener-
ating axons (Figure 4e). In the microbead-injected mice receiving
rAAV2/1.eGFP post-IOP elevation, 33% of the optic nerves had
2.6+0.5% degenerating axons (circled area), while the remain-
ing had 1.3+£0.2% degenerating axons. This demonstrates the
presence of two populations and illustrates the variability at the
4-week time point in this model. In contrast, only 1 (8%) and 2
(18%) optic nerves in the pre- and post-IOP treatment groups,
respectively, contained greater than 2% degenerating axons. No
difference was detected in the total number of axons between
groups. The total number of remaining RGC axons was 87 +16%
and 88+18% in the pre- and post-IOP rAAV.eGFP-treated mice,
respectively, and 93 +16% and 96 £ 11% in the pre- and post-IOP
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rAAV.EpoR76E treatment groups, respectively (Figure 4f).
Despite a trend for decreased loss of axons in the treated mice, the
difference was not statistically significant, because loss of axons
in rAAV.eGFP microbead eyes was very mild. This is not entirely
unexpected, since in the microbead model like other inducible
models, overt axon degeneration lags deficits in transport and is
subject to variability.#'%

Vision is not significantly decreased at 4 weeks in the

microbead occlusion model

To assess visual function, we performed flash visual evoked
potentials (fVEP). The amplitude of the N1 and P1 peaks (indi-
cated in Figure 5a) represents the number of functional RGC
axons, while the latency of the N1 and P1 represents how well the
RGC axons propagate the action potential down the optic nerve.
Mean waveforms comparing baseline and endpoint recordings
showed an apparent deficit in N1 amplitude in the rAAV2/8.
eGFP microbead-injected group but not the rAAV2/8. mEpoR76E
(pre-IOP) group (Figure 5a). The P1 amplitude appeared decreased
at 4 weeks as compared to baseline (Figure 5a). However, analy-
sis of the negative area under the curve of the fVEP waveform
from onset of stimulus to the peak of P1 showed no significant
differences between the rAAV2/8.eGFP microbead-injected
group (103+£47% of baseline) and the rAAV2/8.mEpoR76E
group (113 £43% of baseline; Figure 5b). In addition, while there
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appeared to be a trend towards preservation of the N1 and P1
amplitudes, the difference did not reach statistical significance
(Figure 5¢,d). The N1 amplitude was reduced 14.5+7.5% in the
rAAV2/8.eGFP microbead-injected group compared to 1.3+7.3%
in the rAAV2/8.mEpoR76E-treated group (P value not significant;
Figure 5c). There was a P1 amplitude reduction of 21.2+7.3% in
the rAAV2/8.eGFP microbead-injected group and 20.6+8.6%
in the rAAV2/8.mEpoR76E-treated group (Figure 5d), and the
groups were not statistically different from each other (P = 0.98).
Due to the subtle functional deficits observed in the rAAV2/8.
eGFP microbead-injected animals at this 4-week time point and
lack of statistical benefit from treatment with rAAV2/8.mEpoR76E
given prior to onset of elevated IOP, we did not assess fVEP in the
post-IOP treatment group.

rAAV2/8.mEpoR76E resulted in a slight rise in
hematocrit and had no effect on IOP elevation in the
DBA/2) model

Mice treated with rAAV2/8.eGFP had a hematocrit of 42+1.9%,
while those that received rAAV2/8.mEpoR76E had an aver-
age hematocrit of 48+2.7% (P < 0.001; Figure 6a). This level
of increase in hematocrit is comparable to that induced in our
previous studies.””? In addition, the hematocrit level in both the
rAAV2/8.eGFP and rAAV2/8.mEpoR76E groups was within the
normal range for mice.?

The IOP began to increase at 5 months of age and by 7 months
most of the mice had elevated IOP (Figure 6b). The peak of gene
expression from rAAV2/8 is 2-3 weeks after transduction.* Mice
were transduced with rAAV2/8 at 5 months of age, resulting in
therapeutic levels of gene expression at 5.5-5.75 months. Treatment
with rAAV2/8.mEpoR76E had no effect on IOP level (Figure 6b).
IOP measurements were not performed past 8 months of age due
to age-related changes to the cornea that can influence readings.?>*
However, direct measurement of IOP using cannulation indicates
that mice with elevated IOP at 8 months of age typically continue
to have elevated IOP out to 10 months of age."”” In some eyes, IOP
can decrease at older ages (e.g., 12-19 months) due to ongoing iris
atrophy.” The current study was completed at 10 months of age,
when most DBA/2] mice demonstrated a nearly complete loss of
axon transport from the retina to the SC independent of IOP."”

Post-IOP treatment with rAAV2/8.mEpoR76E
preserved axon transport in the optic nerve in the
DBA/2) model

Axon transport of CTB appeared fully intact in the 3-month-old
DBA/2] mice (Figure 7a). In the 10-month-old DBA/2] mice
treated with rAAV2/8.eGFP, there was decreased axon transport
throughout the SC and pronounced sectoral deficits, consistent
with previous observations in this strain (Figure 7b).”® In the
10-month-old DBA/2] mice that received rAAV2/8.mEpoR76E,
axon transport was diminished as compared to the 3-month-
old controls, but there was no sectoral deficit as in the rAAV2/8.
eGFP mice (Figure 7c). The fluorescence in the SC was quan-
tified to determine the percent intact transport (Figure 7d).
The 3-month-old mice exhibited 99+0.8% intact transport.
Consistent with the original characterization of this method in
these mice, there was a wide range in axon transport levels in
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Figure 3 RGC anterograde transport is preserved 4 weeks after
microbead injection in mice treated with rAAV.EpoR76E. (a-d)
Representative normalized fluorescence intensity heat maps of the SC
with red representing maximum intensity and blue/black representing
no fluorescence: (a) saline, rAAV.eGFP, (b) microbead, rAAV.eGFP, (c)
microbead, rAAV2/8.mEpoR76E (pre-IOP), and (d) microbead, rAAV2/1.
hEpoR76E (post-lIOP treatment). The representation of the optic nerve
head is indicated (asterisk). (e) Box plot of percent intact transport
of mice injected with microbeads and rAAV.eGFP (n = 5), rAAV2/8.
mEpoR76E (n = 8), or rAAV2/1.hEpoR76E (n = 9). IOP, intraocular pres-
sure; rAAV, recombinant adeno-associated virus; SC, superior colliculus.

the 10-month-old rAAV2/8.eGFP-treated mice.”” Nearly half of
the mice had no intact transport, a few had almost completely
intact transport, and the remaining half exhibited 50-80% trans-
port (Figure 7d). Every SC examined in the 10-month rAAV2/8.
mEpoR76E-treated group exhibited 43% or higher levels of axon
transport, and there was no example of zero transport. The aver-
age percent intact axon transport in these mice was 71+17%.
There was a statistically significant difference in axon transport
between the 3-month and the 10-month rAAV2/8.eGFP groups
(P < 0.01) and between the 10-month rAAV2/8.eGFP and
10-month rAAV2/8.mEpoR76E groups (P < 0.05). There was
no statistically significant difference between the 10-month-old
rAAV2/8.mEpoR76E and the 3-month-old controls.

Post-1OP treatment with rAAV2/8.mEpoR76E
preserved structure of the optic nerve in the DBA/2)
model

The optic nerves from 10-month-old mice treated with rAAV2/8.
mEpoR76E looked comparable to those from 3-month-old control

www.moleculartherapy.org
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Figure 4 Optic nerve histology is preserved 4 weeks after microbead injection in mice treated with rAAV.EpoR76E. (a—d) Representative
bright-field images of p-phenylenediamine-stained optic nerve cross sections proximal to the retina of mice treated with: (a) saline, rAAV.eGFP, (b)
microbead, rAAV.eGFP, (c) microbead, rAAV2/8. mEpoR76E (pre-IOP), (d) microbead, rAAV2/1.hEpoR76E (post-lOP). Arrows indicate degenerating
axons. Bar = 25 uym. (e) Scatter plot of the percent of degenerating axons in the optic nerves of mice from each experimental group. Circles indicate
optic nerves with percent degeneration greater than 1 SE above the mean. (f) Scatter plot of total axons in the optic nerves in the rAAV.eGFP-treated
microbead-injected mice (n = 22) and mice in the pre-IOP (n = 13) and post-IOP treatment (n = 11) groups. IOP, intraocular pressure; rAAV, recom-

binant adeno-associated virus.

mice (Figure 8a,c). In contrast, the optic nerves from 10-month-
old mice treated with rAAV2/8.eGFP contained many degenerat-
ing axons (Figure 8b). Degenerative axons were identified by dark
axoplasm and/or multilayering of myelin (Figure 8b,c, arrows).
The number of degenerating, live, and total axons was quantified in
each group using a masked, manual, standardized procedure. The
percent of degenerating axons in 3-month-old controls, 10-month-
old rAAV2/8.eGFP-, and rAAV2/8. mEpoR76E-treated mice was
0.2+0.1%, 7.7+6.8%, and 0.8+0.5%, respectively (Figure 8d).
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The number of live axons in 3-month-old controls, 10-month-
old rAAV2/8.eGFP-, and rAAV2/8. mEpoR76E-treated mice was
42,129+4,124, 30,836+14,923, and 50,293+4,621, respectively
(Figure 8e). The total number of axons in 3-month-old controls,
10-month-old rAAV2/8.eGFP-, and rAAV.mEpoR76E-treated
mice was 42,195+4,138, 32,551+13,945, and 50,676 +4,430,
respectively (Figure 8f). There was a statistically significant change
between the 3-month and 10-month rAAV?2/8.eGFP group in each
case (P < 0.05). There was also a statistically significant difference
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Figure 5 The fVEP shows a trend of improvement of functional vision 4 weeks after microbead injection in mice treated with rAAV2/8.
mEpoR76E (pre-IOP). (a) Overlay of averaged waveforms from mice prior to (baseline) and 4 weeks after microbead injections and treatment with
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as percent change from baseline. (d) Box plot of P1 amplitude presented as percent change from baseline. fVEP, flash visual evoked potential; rAAV,

recombinant adeno-associated virus.

between the 10-month rAAV2/8.eGFP and 10-month rAAV2/8.
mEpoR76E mice in each case (P < 0.001). There was no difference
between the 3-month-old controls and the 10-month rAAV2/8.
mEpoR76E optic nerves in any of the quantitative measures.

Post-IOP treatment with rAAV2/8.mEpoR76E
preserves functional vision in the DBA2/] model
Averaged waveforms showed a decrease in the fVEP in
10-month-old mice treated with rAAV2/8.eGFP that is some-
what attenuated in animals that received rAAV2/8.mEpoR76E
(Figure 9a). Similar to our previous study, there was no difference
in the N1 or P1 latency at 10 months as compared to 3 months
regardless of treatment (Figure 9b). In contrast, there were differ-
ences in the N1 and P1 amplitudes (Figure 9¢,d). The average N1
amplitude in the 3-month-old mice was 39+7.9 uV (Figure 9c).
This was decreased to 24+ 12 iV in the 10-month-old rAAV2/8.
eGFP group. The N1 amplitude in the 10-month-old rAAV2/8.
mEpoR76E group was 33+8.9 pV. The percent of baseline was
60+32% and 84+22% in the rAAV2/8.eGFP and rAAV2/8.
mEpoR76E groups, respectively (P < 0.01). The average 3-month
P1 amplitude was 49+9.6 uV (Figure 9d). This decreased to
24+15 pV and 35+18 uV in the 10-month-old rAAV2/8.eGFP
and rAAV2/8.mEpoR76E groups, respectively. The percent base-
lines were 48+31% and 70+36% for the rAAV2/8.eGFP and
rAAV2/8.mEpoR76E groups, respectively. The difference between
the two groups was statistically significant (P < 0.05). For both
the N1 and P1 amplitude, there was also a statistically significant
difference in variance between the groups (P < 0.05). This is likely

due to the known variability in the development of glaucoma
symptoms by the DBA/2].*?

DISCUSSION

The course of neurodegeneration in glaucoma begins with deficits
in active axon transport followed by degeneration of the axons in
the optic nerve and finally death of the RGCs." In this study, we
evaluated the therapeutic potential of EPO-R76E in two models
of glaucoma exhibiting very different time courses and severity
of disease progression. This allowed for greater insight into the
effectiveness of this treatment strategy in this complex clinical dis-
ease. The successful treatment of two models of glaucoma is also
insightful in terms of mechanism.

For example, while neuroinflammatory processes have been
shown to affect RGC survival following elevated pressure in vitro,
the relevance to the disease process in the microbead occlu-
sion model and in glaucoma overall is not yet clear.” The role of
neuroinflammation in the pathogenesis of glaucoma appears to
depend on the animal model used, thus underscoring the need to
test potential therapies in multiple models. This is illustrated in
the ability to completely block neurodegeneration in the DBA/2]
model by ameliorating a peripheral immune response, while this
same approach had no effect on a laser photocoagulation model of
ocular hypertension.”*!

EPO can decrease neuroinflammation and protect neurons by
limiting cell death (for review, see ref. 5). However, this does not
seem to be the relevant mechanism in this study since we detected
protection in the microbead occlusion model despite a lack of

www.moleculartherapy.org
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Figure 6 Treatment of DBA/2) mice with rAAV2/8.mEpoR76E causes
an elevation in hematocrit, and no change in IOP as compared to
rAAV2/8.eGFP. (a) Box plot of endpoint hematocrit in mice treated
with rAAV2/8.eGFP or rAAV2/8.mEpoR76E. (b) Graph of IOP over time
in mice treated with rAAV2/8.eGFP or rAAV2/8.mEpoR76E. Arrow indi-
cates onset of peak gene expression levels from rAAV. |OP, intraocular
pressure; rAAV, recombinant adeno-associated virus.

RGC death at the early time point analyzed. EPO can also act on
neuroinflammatory processes by blocking infiltration or prolif-
eration of microglial cells, or macroglial hypertrophy (for review,
see ref. 5). Finally, EPO can protect by decreasing oxidative stress,
and a role for oxidative stress in glaucoma pathogenesis has been
reported.’>=** EPO activates Nrf2, which induces transcription of
antioxidant enzymes from the antioxidant response element (for
review, see ref. 5). Future studies will investigate which activity of
EPO is most relevant to its neuroprotective action in glaucoma.
In the microbead occlusion model, deficits in axon transport
are first evident after 2-4 weeks of elevated pressure.”” In addi-
tion to the transport deficits, we also detected a small number of
degenerating axons without a change in the overall number of
axons, again suggesting that 4 weeks after microbead injection
represents a very early stage in glaucoma. As predicted by these
results, we detected no statistically significant deficit in the fVEP,
since there is tremendous redundancy at the level of the RGCs
such that many cells must be lost prior to the detection of a visual
deficit.** As would be predicted based on the above findings, our
greatest evidence of neuroprotection by rAAV.EpoR76E was from
the axon transport measurements, followed by quantification of
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Figure 7 Treatment of DBA/2] mice with rAAV2/8.mEpoR76E
at 5 months preserves RGC axon transport at 10 months. (a—c)
Representative heat maps of CTB fluorescence in the SC at (a) 3 months
(n=9) or at 10 months in mice treated with (b) rAAV2/8.eGFP (n = 21)
or (c) rAAV2/8.mEpoR76E (n = 19). (d) Scatter plot of percent intact
transport in 3-month-old mice and 10-month-old mice treated with
rAAV2/8.eGFP or rAAV2/8.mEpoR76E. Note the subset of SC with no
evident axon transport in the rAAV2/8.eGFP group, but not in the
rAAV2/8.mEpoR76E group. CTB, cholera toxin b; rAAV, recombinant
adeno-associated virus; SC, superior colliculus.

degenerating axons in the optic nerve. Despite the mild effects on
the fVEP, we still detected a trend toward preservation of the fVEP
in mice that received rAAV.EpoR76E. Importantly, similar to the
animal models, changes in the optic disc and elevated IOP are
often detected in patients prior to the development of visual field
deficits.”” These patients are given IOP-lowering treatments prior
to vision loss, without detriment, and our results suggest that this
timing would also be safe for EpoR76E gene therapy. Future stud-
ies will determine if extending the study out to 8 weeks of elevated
pressure will result in a statistically significant loss in vision that
can be prevented by treatment with rAAV.EpoR76E.

In the DBA/2], we assessed therapeutic efficacy at 10 months
of age, a late time point in the course of disease in this model. At
this age, the optic nerve is severely degenerated, and many RGCs
have been lost."” We previously treated DBA/2J mice at 1 month of
age with rAAV.EpoR76E and detected complete protection of the
RGC axons, cell bodies, and vision (fVEP) at 10 months.” In the cur-
rent study, the level of protection was lower suggesting that disease
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Figure 8 Treatment of DBA/2] mice with rAAV2/8.mEpoR76E at 5 months preserves RGC axon histology at 10 months. (a-c) Representative
bright field micrographs of optic nerves from (a) 3-month-old mice (n = 11) or from 10-month-old mice treated with (b) rAAV2/8.eGFP (n = 15)
or (c) rAAV2/8.mEpoR76E (n = 11). Degenerative axons are indicated by arrows. Bar = 25 um. (d-f) Scatter plots of quantification of (d) percent
degenerating axons, (e) live axons, and (f) total axons, circle indicates cohort of highly degenerated optic nerves that were not present in the other
groups. rAAV, recombinant adeno-associated virus
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Figure 9 Treatment of DBA/2J mice with rAAV2/8.mEpoR76E at 5 months partially preserves the fVEP at 10 months. (a) Overlay of averaged
fVEP waveforms from 3-month-old mice (n = 40) and 10-month-old mice treated with rAAV2/8.eGFP (n = 24) or rAAV2/8.mEpoR76E (n = 24). (b)
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the rAAV2/8.eGFP group. fVEP, flash visual evoked potential; rAAV, recombinant adeno-associated virus.
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processes had already started and could not be completely stopped
by EPO-R76E. 1t is unclear from this study whether treatment with
rAAV.EpoR76E blocked the onset of degenerative pathways in neu-
rons adjacent to degenerative neurons or slowed the rate of degen-
eration in all neurons. If the latter is true, then it suggests that despite
the pleiotropic nature of EPO, it does not act on all degenerative pro-
cesses that are initiated by a rise in IOP. Finally, it is possible that the
decreased efficacy of rAAV.EpoR76E when delivered at 5 months as
opposed to 1 month in the DBA/2] may be due, in part, to degenera-
tive processes occurring in these mice independent of glaucoma. For
example, microglia numbers and reactivity are elevated in the retina
3 months before elevation of IOP in this model.* Also, these mice
undergo photoreceptor degeneration, which is likely to be unrelated
to the development of glaucoma since deficits are detectable prior
to elevation of IOP.* Future longer-term studies in the microbead
occlusion model will help to answer some of these questions.

This study provides evidence that delivery of rAAV.EpoR76E,
with clinically relevant timing (at onset of elevated IOP), limits the
amount of degeneration and vision loss in two well-recognized
models of glaucoma.”’ This treatment paradigm is advantageous
because long-term therapy is provided from a single injection
without a dangerous rise in hematocrit, making it safer and more
clinically viable.””

MATERIALS AND METHODS

Viral vector production. Mutation R76E was created in rhesus macaque
Epo gene (mEpoR76E) and human Epo gene (hEpoR76E) via site-directed
mutagenesis and cloned into an AAV2 genome plasmid under the control
of the CMV promoter. Both vectors were packaged and purified by the
University of Pennsylvania Vector Core (Philadelphia, PA). Capsid pro-
tein plasmid from AAV serotype 8 was used with mEpoR76E to create
hybrid serotype rAAV2/8.CMV.rEpoR76E (used for pre-IOP treatment in
the microbead occlusion model, and for all DBA/2]J studies), and capsid
protein plasmid from AAV serotype 1 was used with hEpoR76E to cre-
ate hybrid serotype rAAV2/1.CMV.hEpoR76E (used for post-IOP treat-
ment in the microbead occlusion model). The titers were 1.38 x 10" gc/ml
for rAAV2/8.CMV.mEpoR76E and 2.06x 10" gc/ml for rAAV2/1.CMV.
hEpoR76E. Stock rAAV2/8.CMV.eGFP vector was purchased from the
University of Pennsylvania Vector Core.

Mice. All animal experiments were conducted in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. This
study was carried out under an animal protocol approved by the Vanderbilt
University Medical Center Institutional Animal Care and Use Committee.
DBA/2] and C57BL/6] mice were obtained from Jackson Laboratories (Bar
Harbor, ME). For the microbead occlusion model, only male mice ~3-4
months of age were utilized for microbead injection to control for age- and
gender-dependent variability. Mice were bred in-house, maintained on a
diurnal light cycle, and provided food and water ad libitum.

rAAV injections. C57BL/6] mice received a single 10 ul injection of 1x 10°
gc of vector in the right quadriceps. For treatment beginning prior to onset
of elevated IOP (i.e., Pre-IOP), mice received rAAV2/8.CMV.mEpoR76E
or rAAV2/8.CMV.eGFP 1 month before microbead injection since it takes
~3 weeks to reach peak gene expression from this serotype.? For treatment
beginning at onset of elevated IOP (i.e., post-IOP), mice received rAAV2/1.
CMV.eGFP or rAAV2/1.CMVhEpoR76E immediately after microbead
injection to result in peak transgene expression 1 week later.?* All mice
were collected 1-month post-microbead injection, i.e., pretreatment mice
were collected 2 months post-rAAV injection, while post-elevated IOP
treatment mice were collected 1-month post-rAAV injection.
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DBA/2] mice received a single 10 pl injection of 1x10° gc of
rAAV2/8.CMV.mEpoR76E or rAAV2/8.CMV.eGFP as a control to the
right quadriceps at 5 months of age to result in peak gene expression 3
weeks later."! Mice were euthanized at 10 months of age.

Microbead occlusion model. Induction of IOP elevation was induced
bilaterally via injection of 15-um diameter FluoSpheres polystyrene
microbeads (Thermo Fisher, Waltham, MA) into the anterior chamber as
described previously for mice.'*** Briefly, 1.5mm outer diameter/1.12mm
inner diameter filamented capillary tubes (World Precision Instruments,
Sarasota, FL) were pulled using a P-97 horizontal puller (Sutter Instrument
Company, Novato, CA), and the resulting needles were broken using for-
ceps to an inner diameter of ~100 pm. Microbeads (or lactated Ringer’s
saline solution as a control) were loaded and injected using a microin-
jection pump (World Precision Instruments, Sarasota, FL). Mice were
anesthetized with isoflurane and dilated using topical 1% tropicamide
ophthalmic solution (Patterson Veterinary, Devens, MA), and 2 ul (~2,000
microbeads) were injected. The needle was maintained in the injection site
for 20 seconds before retraction to reduce microbead efflux. Mice were
given topical 0.3% tobramycin ophthalmic solution (Patterson Veterinary,
Devens, MA) following injection.

I0P measurement. IOP was measured using the Icare TonoLab rebound
tonometer (Colonial Medical Supply, Franconia, NH). Mice were anesthe-
tized using isoflurane, and 10 measurements were acquired from each eye
within 2 minutes of induction of anesthesia. IOP was measured in mice
immediately prior to microbead injection and weekly following microbead
injection. In the DBA/2]J, IOP was measured at 3 months (1 = 26, rAAV2/8.
eGFP; n = 52 rAAV2/8.mEpoR76E) and then twice a month from 5-8
months (n = 42-52). If no elevation in IOP was detected by 8 months, the
eye was excluded from study.

Tissue collection, hematocrit, and serum EPO quantification. Blood
was collected by cardiac puncture prior to perfusion. Hematocrit was
determined my capillary tube centrifugation using the CritSpin system
(Beckman Coulter, Brea, CA). EPO concentration was measured by sand-
wich ELISA using Quantikine Human EPO ELISA kit (R&D Systems,
Minneapolis, MN) according to manufacturer directions. Animals were
then perfused with 4% paraformaldehyde, and eyes, optic nerves, and
brains were collected and placed in 4% paraformaldehyde.

Retinal ganglion cell anterograde transport tracing. Mice were anes-
thetized with isoflurane and injected intravitreally with 2 pl CTB con-
jugated to Alexa Fluor 594 (Thermo Fisher, Waltham, MA) using a 30
gauge Hamilton syringe. Approximately 3 days following injection, mice
were anesthetized via intraperitoneal injection of 2,2,2-tribromoethanol
(Sigma-Aldrich, Saint Louis, MO) and perfused with 4% paraformalde-
hyde in phosphate-buffered saline. Brains were postfixed in 4% parafor-
maldehyde in phosphate-buffered saline, infiltrated with 30% sucrose,
and cryosectioned coronally at 50 um. Sections traversing the SC were
mounted, and the SC was imaged via epifluorescence microscopy (Nikon
Instruments, Melville, NY). Fluorescence in the SC sections was quanti-
fied using ImagePro software (Media Cybernetics, Rockville, MD) using
an automated macro described earlier to quantify the fraction of the SC
retinotopic representation containing intact anterograde transport.'”*"*
Briefly, fluorescence intensity was summed along the vertical dorsal-
ventral columns through the SC sections, and a normalized fluorescence
intensity score was generated along the medial-lateral length of the SC. A
fluorescence intensity heat map was generated by combining all sections
traversing the SC. This resulted in a complete retinotopic map, with red
representing maximum fluorescence and blue representing no fluores-
cence. Intact transport is defined as >70% of maximum fluorescence.

Optic nerve histology. Sections of the myelinated optic nerve ~1 mm behind
the globe were postfixed in 1% glutaraldehyde and 4% paraformaldehyde in
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phosphate-buffered saline for at least 24 hours. Nerves were further post-
fixed in 2% osmium tetroxide for 1 hour and embedded in low viscosity
Spurr’s embedding media (Electron Microscopy Sciences, Hatfield, PA).
Semi-thin 700-nm sections were cut and stained with 1% p-phenylenedi-
amine. Sections were imaged using bright field microscopy with a 100x
oil-immersion objective (Nikon Instruments, Melville, NY). Axons were
manually counted using Image] software by sampling 20% of the total nerve
cross-sectional area using a fixed grid overlay to estimate axon density in
the nerve (axons/mm?). Total number of surviving axons was estimated
as the product of mean axon density and nerve cross-sectional area, as
described previously.”®

Flash visually evoked potential. Mice were dark-adapted overnight. Mice
were anesthetized by intraperitoneal injection of 25/8/600 pg/g body weight
of ketamine, xylazine, and urethane, and eyes were dilated with 1% tropi-
camide. After placement in a heated Ganzfeld dome (Diagnosys, Lowell,
MA), platinum electrodes (Grass Technologies, West Warwick, RI) were
placed subdermally above the visual cortex 3 mm lateral from the midline,
and a reference electrode was placed subdermally in the snout. Mice were
presented with white light flashes 1.0 cd-s/m? at a frequency of 1 Hz and an
inter-sweep delay of 500 ms. Resulting waveform and amplitudes were the
average of 200 sweeps. Negative area under the curve of the VEP waveform
was quantified between 0 and 175 ms (the average P1 latency).

Statistical analysis. All results are represented as average + SD unless oth-
erwise indicated. For IOP measurement data, two-way analysis of variance
was used. For the microbead occlusion model studies, one-way analysis
of variance was used, employing the Dunnett post-hoc test for pairwise
comparison. Comparisons were only made between the rAAV.eGFP and
rAAV.EpoR76E groups, not between treatment groups. For the DBA/2]
model studies, one-way analysis of variance was used, employing the
Tukey post hoc test. Variances were calculated using the Brown-Forsythe
test. Significance was assumed at P < 0.05. In all figures, the following indi-
cators of statistical significance are used: *P < 0.05; **P < 0.01; ***P < 0.001.
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