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A cross-linked hyaluronan gel accelerates healing of corneal
epithelial abrasion and alkali burn injuries in rabbits
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Abstract

Objective To evaluate the efficacy of a chemically modified and cross-linked derivative
of hyaluronan (CMHA-SX) for treatment of corneal epithelial abrasion and
standardized alkali burn injuries.

Animals Twelve female New Zealand white rabbits in two groups were used.
Procedures Bilateral 6-mm diameter corneal epithelial abrasions were made in each of
six rabbits in one group and 6-mm standardized alkali burn injuries were made in the
second group. A 1% CMHA-SX formulation was applied topically four times per day
in right eye of each rabbit for 1 week, and phosphate buffered saline (PBS) was placed
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in left (control) eye of each rabbit. The wound size was determined by staining with
1% fluorescein and photographed at the slit lamp with a digital camera at 0, 1, 2,

3 days postoperatively in the first group and 0, 1, 2, 3, 7, 12 days in the second
group. Rabbit corneas were collected for histological examination on day 7 in the first
group and day 12 in the second group.

Results Closure of corneal wound in the abrasion model was complete in the CMHA-SX
treated eye by 48 h. The wound closure rate and thickness of the central corneal
epithelium in the CMHA-SX treated group was greater than in control eyes for both
the abrasion and alkali burn injuries. Moreover, the CMHA-SX treated cornea

exhibited better epithelial and stromal organization than the untreated control cornea.
Conclusions Chemically modified and cross-linked derivative of hyaluronan improved
corneal wound healing and could be useful for treating noninfectious corneal injuries.

Key Words: corneal epithelium, corneal stroma, extracellular matrix,
glycosaminoglycan, hyaluronic acid, wound healing

INTRODUCTION

Hyaluronan (hyaluronic acid, HA) is an unsulfated glycos-
aminoglycan and abundant molecule of the extracellular
matrix that facilitates cell proliferation and migration during
embryonic tissue development,' wound repair,” cell migra-
tion,* and tumor invasion.” HA is the major component of
the vitreous and is the primary glycosaminoglycan in the
interfibrillar space of cross-linked collagen matrix in the
cornea. The viscoelastic properties of HA have long been
utilized in ophthalmic surgery and for engineering vitreous
replacements."® During intraocular surgeries, HA can pro-
tect the corneal endothelium and maintain the anterior
chamber depth.”™"! Studies have shown that sodium hyalur-
onate eye drops can increase pre-corneal tear film stability
and corneal wettability, and reduce the tear evaporation

rate.'>~'* In addition, HA is used clinically to protect corneal
epithelial cells in patients with dry eye syndromes, including
Sjogren’s syndrome."> "7

The effect of HA on intracellular signaling and cell behav-
ior is managed by binding to specific cell-surface receptors,
including CD44 and the receptor for hyaluronan-mediated
motility (RHAMM)."® The CD44 receptor has been
described on normal human corneal epithelial cells'” and
during re-epithelialization.’® CD44 expression is enhanced
in inflammation and allograft rejection.”’ Studies have also
shown that CD44 expression is associated with proliferation
of epithelial cells.””** In particular, human corneal epithe-
lial cells cultured in the presence of HA at 0.6 mg/mL
showed increased CD44-mediated migration, but no differ-
ence in proliferation, relative to controls.”’ Similarly, organ
cultures of rabbit cornea showed a dose-dependent stimula-
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tory effect of HA of epithelial migration that was unique to
HA and not produced by addition of other glycosaminogly-
cans.”®?” These in vitro results also translated to in vivo
models, with HA-containing eye drops showing the ability
to promote wound repair in a superficial rabbit keratectomy
model,”® corneal injuries in diabetic and nondiabetic rats,*’
epithelially denuded rabbit corneas,’® and alkali burns in
rabbit corneas.’!*?

However, the rapid degradation of HA in vivo precludes
many direct clinical applications. Four decades of chemical
modifications of HA have generated derivatives in which the
biophysical and biochemical properties, as well as the rates
of enzymatic degradation iz vivo have been manipulated and
tailored for specific clinical needs.”® Chemical modification
of HA offers the opportunity to create new biomaterials for
biomedical applications®*** — biocompatible and bioactive
materials with physical properties optimized to a specific
clinical use. We recently developed a thiol-modified and
carboxymethylated derivative of HA,**>* called CMHA-S,
that was then cross-linked with either poly (ethyleneglycol)
diacrylate or by air oxidation to generate disulfide cross-
links, thereby producing biocompatible hydrogels. These
biocompatible hydrogels have been shown to be biodegrad-
able yet can be formulated to remain in place for several days
to several months iz vive, based on the requirement for a
given reparative and regenerative medicine application.’®
Formulations of CMHA-SX are marketed by SentrX Animal
Care, Inc., Salt Lake City, UT, for topical wound care and
adhesion prevention. To date, however, the ophthalmic uses
of CMHA-SX have not been explored in animal models or
for clinical veterinary use. In this study, we will evaluate the
potential efficacy of a commercial CMHA-SX formulation,
canitrX™, for treating corneal epithelial wounds in two stan-
dard rabbit models, the superficial corneal abrasion model
and the alkali burn model.

MATERIALS AND METHODS

Preparation of CMHA-SX

Hyaluronic acid (950 kDa, Novozymes Biopolymers, Inc.,
Bagsvaerd, Denmark) was converted to CMHA-S by SentrX
Animal Care by modifications of literature procedures,*”
allowed to form disulfide cross-links in air, and then formu-
lated into CMHA-SX gels. The gel formulation known as
canitrX™ wound healing gel was employed in this study.

Animals

Twelve female New Zealand white rabbits weighing 2-3 kg
were used in this study. Six rabbits were used for a cornea
epithelial abrasion model, and the other six rabbits were
used for a standardized cornea alkali burn model. The exper-
imental protocol and animal care complied with the ‘Guide
for the Care and Use of Laboratory Animals’ (Institute of
Laboratory Animal Resources, Commission on Life Sci-
ences, National Research Council, Washington, DC;
National Academy Press, 1996), and were approved by the
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Institutional Animal Care and Use Committee of the Uni-
versity of Utah.

Epithelial abrasion model

After inducing anesthesia by intramuscular injection of each
of the six rabbits of the first group with ketamine (2—-6 mg/
kg) and xylazine (6 mg/kg), the central corneal epithelium
was removed with a 6-mm trephine and a No. 15 scalpel
blade. One eye of each rabbit was treated topically with
CMHA-SX four times per day for 1 week, and the control
eye was treated topically with phosphate buffered saline
(PBS) four times per day. The wound sizes were determined
by staining the surface of the eye with 1% fluorescein, and
photographing the corneas at the slit lamp with a digital
camera at 0, 24, 48 and 72 h postoperatively. The rabbits
were euthanized on day 7 and corneas were collected for his-
tological examination.

Alkali burn model

For the second group of six rabbits, animals were anesthe-
tized and then standardized cornea alkali wounds were pro-
duced bilaterally by placing a round 6.0 mm filter paper,
soaked in 1 N'NaOH, on the central cornea for 60 s.>’ Each
injured cornea was then rinsed with balanced salt solution
(BSS) for 2 min. To the treated eye of each rabbit,
CMHA-SX was applied topically four times per day for
1 week. To the control eye of each rabbit, PBS was applied
topically four times per day for 1 week. Ciprofloxacin
(0.3%) was also applied topically in both eyes during the first
application of the CMHA-SX gel or the PBS control. The
wound size was determined by staining the surface of the eye
with 1% fluorescein and photographing the cornea at the slit
lamp with a digital camera on 0, 1, 2, 3, 7 and 12 days
postoperatively. Animals were euthanized at 12 days and
corneas were collected for histological examination.

Epithelial wound bealing

Images were taken at the slit lamp with a digital camera,
and the dimensions of the wound area were measured
using image analysis software (Image], Scion Corp.,
Frederick, MD, USA). Wound closure was expressed as a
percentage of the initial wound area. The percentage
wound size was calculated using the following formula:
D,/Dgy x 100 (%), where Dy is the dimension of the epithe-
lial abrasion or alkali burn wound area (6.0 mm X 6.0 mm)
on day 0, and the D, is the dimension of the wound area
on the day 1, 2, 3, 7 and 12.

Histologic studies

Each cornea was fixed with 10% formaldehyde and dehy-
drated in a graded series of alcohol and then embedded in
paraffin. Six-micrometer sections were cut and stained with
hematoxylin and eosin for light microscopic examination.
Corneal epithelium thickness was measured using image
analysis software (ImageJ, Scion Corp.) at five equidistant
sites. Six slides for each of the six treated and six control eyes
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were evaluated in each group, and the mean thickness of the
corneal epithelium was determined.

Statistical analysis

All data are presented as mean = SD. Student’s #-test
(unpaired) was used as indicated in the text to compare con-
tinuous variables. The statistical significance level was set at

P <0.05.

RESULTS

Corneal epithelial wound bealing

We examined the rabbit corneal epithelial wound healing
using a slit lamp camera. Immediately after cornea epithelial
abrasion, a round 6.0 mm X 6.0 mm wound was formed.
Figure 1 shows the time course of wound closure in the abra-
sion model, as seen in the fluorescein stained images of the
injured corneas at 0, 24, 48, and 72 h postinjury. The differ-
ence in healing was most pronounced at 24 h. Quantifica-
tion of the digital images at the slit lamp camera indicated
that wound closure in CMHA-SX treated eyes was
82.8 + 8.0% complete, while wound closure in the control
eyes was 48.6 = 17.2% complete (P < 0.01, Fig. 1b). Closure
of the corneal wound was complete by 48 h in CMHA-SX
treated eyes and by 72 h in the control eyes (Fig. 1a).
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Figure 1. Corneal epithelial wound healing in cornea abrasion model.
(Panel a) Fluorescein staining of corneal epithelial abrasions at the indi-
cated times after epithelial abrasion in rabbits (upper panels: CMHA-SX
treated group; lower panels: PBS treated control group). (Panel b)
Quantitative analysis of corneal epithelial wound healing at 24 h.
Data are means + SD of value from six treated and six untreated
eyes. P < 0.01.

Figure 2 shows the time course of wound closure in the
alkali burn model, as seen in the fluorescein stained images
of the injured corneas at 0, 1, 2, 3, 7, and 12 days postinju-
ry. Immediately after central corneal alkali burn injuries
produced by standardized filter paper disk application,
there was no significant difference in the area of the wound
between the two groups. At day 1, the wound area for the
CMHA-SX eyes was already significantly reduced relative
to the control eyes (Fig. 2b, P < 0.05). At day 3, the wound
sizes were highly significantly different, 74.3 £ 11.4% in
the CMHA-SX treated group compared to 27.7 + 5.4% in
the PBS treated control group (P < 0.01, Fig. 2b). At day
7, closure of the corneal wounds in both CMHA-SX trea-
ted eyes and control eyes was incomplete, and the differ-
ence in healing was not significantly different at this time
point. At day 12, the wound closure was almost complete
in the CMHA-SX treated eyes, while wound closure was
incomplete in the PBS treated control eyes (Fig. 2b,
P < 0.05).

Histological finding and epidermal thickness

In the corneal abrasion model, histological analysis demon-
strated that the thickness of the central corneal epithelium in
the PBS-treated controls appeared thinner than the adjacent
uninjured corneal tissues. Indeed, the epithelial thickness of
the CMHA-SX gel treated group was significantly greater,
and thus closer to normal, than the central epithelium in the
PBS treated group (Fig. 3, P < 0.01).
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Figure 2. Corneal epithelial alkali burn model: injury and healing.
(Panel a) Fluorescein staining of corneal epithelial abrasions at the indi-
cated times after alkali burn injuries in rabbits (upper panels: CMHA-SX
treated group, lower panels: PBS instilled control group). (Panel b)
Quantitative analysis of corneal epithelial wound healing on day 1,
3, 7 and 12. Data are means = SD of value from six treated and six
untreated eyes. *P < 0.05 and **P < 0.01.
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Figure 3. Micrographs showing the central por-
tion of the re-surfaced corneal epithelium at day 7
after creating the superficial epithelial abrasion (a, b) (e)
or day 12 after the alkali burn injury (c, d). (Panels a, 8
c) PBS treated eyes; (panels b, d) CMHA-SX treated
eyes; H&E staining, x200). (Panel e) Corneal epi-
dermal thickness for eyes treated with CMHA-SX

gel compared with PBS treated control eyes at day 7
after epithelial abrasion injury (**P < 0.01). (Panel f)
Corneal epidermal thickness for eyes treated with
CMHA-SX gel compared with PBS treated control

Corneal epithelial thickness (um)
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—
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at day 12 after the alkali burn injury (**P < 0.01). CTRL

Figure 4. Histology of alkali burn healing. Left:
Day 12 after I N NaOH burn treated with PBS
only, showing central wound with unhealed corneal
epithelium. Right, central epithelium and corneal
stroma in eyes treated with CMHA-SX, showing a
better organization than control (H&E staining,
x40).

In the alkali burn injury, at Day 12 the eyes treated with
CMHA-SX gel, exhibited better organization of the central
epithelium as well as corneal stroma than the control cornea.
In contrast, a central edematous wound with unhealed cor-
neal epithelium in PBS treated control eyes was clearly evi-
dent (Fig. 4). The H&E staining also indicated that the
re-epithelialization was complete in CMHA-SX treated
eyes, but not in control eyes.

DISCUSSION

Hyaluronic acid is widely used in the clinic for viscosurgery,
viscosupplementation, treatment of osteoarthritis and dry
eye syndromes. However, it is readily degraded in the eye

CMHA-SX CRTL CMHA-SX

and in cutaneous wounds. We therefore sought an HA
derivative with tunable biomaterial properties that would
retain the important biology of HA, while extending its use-
ful half-life in vivo. Using a clinically driven strategy®**¢ HA

was modified to contain cross-linkable thiol residues.*=*"

The resulting derivative, CMHA-S, was allowed to cross-
link by disulfide bond formation into CMHA-SX. CMHA-
SX films and gels, whether cross-linked by disulfide bonds
or with a homobifunctional thiol-reactive cross-linker,
accelerated re-epithelialization in acute full-thickness
wounds in mice’* and in rats (Yang G, Mann BK, Prestwich
GD, personal communication); moreover, the thickness and
quality of the regenerated dermis was significantly better

than in untreated wounds. In addition, the CMHA-SX films
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and gels have been shown to be effective iz vivo for the treat-
ment of injured vocal folds** for scar-free healing after
endoscopic sinus surgery,*' for reducing stenosis after
tracheal injury,* and for reducing or eliminating postsurgi-
cal adhesions after cardiac,” abdominal,*® and tendon
surgery. ¥

The research described herein constitutes the first evalua-
tion of the efficacy of CMHA-SX on ophthalmic injuries
using both the rabbit corneal epithelial abrasion and stan-
dardized corneal alkali burn models. These two injury mod-
els have been widely used to evaluate the wound healing
process in the corneal epithelium.*®*” While the corneal
epithelial abrasion involves injury to only the surface epithe-
lium, the alkali burn can penetrate the epithelium and dam-
age both stromal and endothelial layers. We investigated the
effect of CMHA-SX on a superficial abrasion model, and
then we also used the more severe alkali burn model to quan-
titatively analyze the effect of CMHA-SX on corneal wound
healing.

Several literature studies describe the effects of different
concentrations of unmodified HA, as sodium hyaluronate,
in supporting corneal epithelial repair after injury. For
example, 0.2% and 0.4% solutions of 800-1400 kDa HA
applied at 2, 4, 6, 24, 28, and 30 h after injury showed equiv-
alent enhancement of epithelial healing of an abrasive injury
at 12, 24, and 48 h. Lower concentrations were ineffective,
and the concentration dependence was considered to be
indicative of a purely pharmacological effect of HA.*® In
both diabetic and nondiabetic rats, 0.3% HA (840 kDa) and
to a lesser extent 0.1% HA, increased the healing rates of
debrided corneas relative to PBS controls.”” Neither 0.03%
HA nor 3.0% chondroitin sulfate were effective in promot-
ing healing. Finally, in the alkali burn corneal injury model
in rabbits, both 1% and 2% HA solutions applied topically
three times per day for 1 and 3 days, and 1, 2, 4, and 8 weeks
postinjury.’! There was no difference between HA and PBS
treatments in the first 2 days, but in the late healing phase,
from 16 to 40 days postinjury, the HA group had signifi-
cantly smaller epithelial defect areas compared to the PBS
controls. In a subsequent study, this group found reduced
polymorphonuclear leukocytes during early healing, and a
smaller defect area after 5 days in the 1% HA group com-
pared to PBS controls.*? However, after 3 weeks, the defects
were not significantly different in size.

In this study, a cross-linked and chemically modified HA
derivative successfully used to enhance healing in cutaneous
injuries’* and reduce scarring following surgical inju-
ries,™* was evaluated for the first time in an preliminary
study of an ophthalmic injury. Indeed, CMHA-SX signifi-
cantly accelerated corneal epithelial wound healing com-
pared to the PBS controls, even in healthy young rabbits
with a rather superficial injury. The acceleration was equiva-
lent to that cited in the literature for treatment of abrasive
corneal injuries with unmodified HA. A more detailed study,
including a direct comparison of HA and CMHA-SX, would
be required to determine if the cross-link stabilized

CMHA-SX exhibited specific clinical or pharmacological
advantages. Similarly, the acceleration of wound healing in
the alkali burn injury model also supported the hypothesis
that a longer-lasting cross-linked HA derivative, such as
CMHA-SX, could enhance the repair of a more severe cor-
neal injury. In this case, however, it appears from our preli-
minary study that CMHA-SX may have had an earlier,
longer-lived and more robust effect on corneal repair. We
observed significant improvements at 1 and 3 days post-
injury with CMHA-SX, vs. 5 days with HA. We observed
significant improvement at 12 days with CMHA-SX, vs. no
significant effect at 21 days with HA.

In addition to the enhanced rate of healing, CMHA-SX
appeared to significantly improve the quality of the healed
corneal epithelium. For both the superficial injury and the
alkali burn injury, the thickness of the central corneal epi-
thelium in the CMHA-SX gel treated groups was signifi-
cantly greater than the thickness in the PBS treated control
eyes. Moreover, the stroma appeared better organized and
thinner in CMHA-SX treated eyes, further suggesting that
rapid re-epithelialization may reduce repopulation of the
stroma and limit additional stromal trauma.

In conclusion, the present preliminary study shows prom-
ising results for the use of topically applied CMHA-SX for
the treatment of two different corneal injuries. These strik-
ing results provide impetus to examine the use of CMHA-
SX for the treatment of corneal injuries in small animal and
equine veterinary practice, including potentially larger clini-
cal sample sizes and comparison with unmodified HA. The
present data also suggest the need for further mechanistic
studies that would include the stromal and endothelial heal-
ing in the deep alkali burn wound injury.
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