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The contribution of acute inflammation to sensory
nerve regeneration was investigated in the murine
cornea using a model of corneal abrasion that re-
moves the stratified epithelium and subbasal nerve
plexus. Abrasion induced accumulation of IL-17*
CCR6™ y8 T cells, neutrophils, and platelets in the
cornea followed by full restoration of the epithelium
and ~19% regeneration of sensory nerves within 96
hours. Mice deficient in y8 T cells (TCR8~/ ™) or wild-
type mice treated systemically with anti-IL-17 had
>50% reduction in leukocyte and platelet infiltration
and >50% reduction in nerve regeneration. Strategies
used to prevent neutrophil and platelet accumulation
(eg, wild-type mice treated with anti-Ly6G or anti-
GPlba antibody to deplete neutrophils or platelets)
also resulted in >50% reductions in corneal nerve
density. Infiltrating neutrophils and platelets stained
positively for VEGF-A, tissue levels of VEGF-A peaked
coincidentally with peak tissue levels of neutrophils
and platelets, depletion of neutrophils before injury
reduced tissue VEGF-A levels by >70%, and wild-type
mice treated systemically with anti-VEGF-A antibody
exhibited >80% reduction in corneal nerve regener-
ation. Given the known trophic effects of VEGF-A for
neurite growth, the results in this report demonstrate
a previously unrecognized beneficial role for the y6 T
cell-dependent inflammatory cascade involving IL-
17, neutrophils, platelets, and VEGF-A in corneal
nerve regeneration. (4Am J Pathol 2011, 178:1106-1116;
DOI: 10.1016/j.ajpath.2010.12.001)

Although acute inflammation is critical for host defense
against infection, extravasating leukocytes typically in-
duce some tissue injury and may delay wound healing."
However, direct contribution of acute inflammation to
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nerve regeneration has been implicated in recent studies
of spinal cord injury.? Infiltrating leukocytes appear to be
central to this beneficial effect, though mechanisms remain
undefined. In the current paper, we examine contributions
of acute inflammation to nerve regeneration in the cornea, a
tissue highly vulnerable to nerve damage. Corneal epithe-
lium has an abundance of sensory nerves arrayed in a
dense plexus just beneath the basal epithelial layer.>- Nu-
merous epithelial branches containing nociceptors pene-
trate the stratified epithelium reaching near the epithelial
surface. Superficial corneal wounds can readily damage
the subbasalar nerves, thereby reducing important sensory
functions and, possibly, trophic effects of these nerves that
sustain integrity of the corneal epithelium.®—8

In animal models, corneal wounds induce influx of inflam-
matory cells that migrate through the avascular corneal
stroma from the limbal vessels to the wound site. Neutro-
phils are most abundant,® and macrophages, dendritic
cells, and lymphocytes are also evident.®~'2 Inflammatory
cells also increase in the epithelium surrounding the wound,
with y& T cells and macrophages being most common and
neutrophils rarely seen within the epithelium.’" 34 g T
cells have been shown to participate in wound healing of
epithelial surfaces of the skin, gastrointestinal track, and
lung,'®"® and we have recently shown they contribute to
epithelial healing of the cornea.”™'* In some locations, y&
T cells are responsible for significant influx of neutrophils,
an effect linked to y8 T cell-derived IL-17 (eg, peritoneal
exudate following injection of microbial products).’”'® In
other locations, y8 T cells seem to have little influence on
neutrophil influx, eg, dermal wounding.'®2° It is now ev-
ident that yé T cells contribute cytokines, chemokines,
and growth factors in early phases of tissue injury or
infection functioning as key participants in the innate
immune response activated through T cell receptor (TCR)
ligand recognition or innate pattern recognition receptors
such as TLR2, AhR, or nectin-1."921-23 Although their
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Figure 1. Nerve density in unwounded cor-
neas. A: Upper panel is a montage showing
subbasal nerve patterns typical of the central
cornea in male C57BL/6 mice 3 months of age
(anti-tubulin 1II-PE staining). The lower panel
shows an orthogonal view generated from a de-
convolved 30-um-deep z-stack collected at
0.5-um steps revealing the positional relation-
ship between basal epithelial nuclei (blue,
DAPID), subbasal nerves (red, anti-tubulin III,
large arrow) and epithelial branches from the
subbasal nerves (small arrows). B: En face
view of the corneal epithelium where epithelial
branches from subbasal nerves (anti-tubulin III-
PE, red) are seen at the focal plane of basal
epithelial nuclei. C: Age-dependent differences
in the number of corneal epithelial nerve
branches expressed as the sum of counts in
seven fields across the cornea (see schema of
morphometric analysis in Figure 2B).

importance is evident in epithelial healing, their role in
nerve regeneration has not been analyzed.

In the current paper, we investigate the recovery of
corneal nerves after epithelial abrasion that removes a
region of the subbasalar nerve plexus. We demonstrate
that deficiency of y8 T cells significantly retards nerve
regeneration and provide evidence that CCR6™ IL-17"
v8 T cells and IL-17 are necessary for early neutrophil-
and platelet-dependent delivery of VEGF-A, a trophic
factor for neurite generation.

Materials and Methods

Animals

TCR& ™/~ mice on the C57BL/6 background and C57BL/6
mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Intercellular adhesion molecule (ICAM)-
17/~ mice®*2% and P-selectin™’~ (P-sel™~) mice'" were
backcrossed on the C57BL/6 background as described.
All animals were bred and housed in our facility accord-
ing to the guidelines described in the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Vision and Ophthalmic Research and
Baylor College of Medicine Animal Care and Use Com-
mittee policy. Mice were controlled for sex (male) and
age (2 to 3 months, a time of peak corneal nerve density)
(Figure 1). To deplete neutrophils or platelets, mice were
injected intraperitoneally with anti-mouse Ly-6G (clone
1A82%; BD Pharmingen, San Diego, CA) or anti-mouse
GPlba (Emfret Analytics, Wirzburg, Germany) with 0.1
mg in 200 wul of PBS 24 hours before wounding.?” Some
mice were depleted of y8 T cells as previously de-
scribed’" ' by intraperitoneal injection of 200 ug of ham-
ster anti-TCR 8 monoclonal antibody (clone GL3%%; BD
Pharmingen) in a volume (0.30 ml) of sterile PBS before or
14 hours following corneal abrasion. Sham depletion was
accomplished with hamster immunoglobulin (Jackson
Laboratory). Passive transfer of isolated platelets was as
previously described.?” For neutralization of VEGF-A and
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IL-17, a single dose of 200 ug of anti-mouse VEGF-A
polyclonal IgG (Biolegend, San Diego, CA),%® and 100
wg of anti-mouse IL-17A mAb (clone TC11-18H10.1; Bio-
legend)®° or rat IgG1 isotype (Jackson ImmunoResearch
Lab, West Grove, PA) in 0.3 ml of PBS were intraperitone-
ally administrated before wounding, respectively. For IL-17
replacement in TCR8 ™/~ mice, a single dose of 1000 ng of
recombinant IL-17 (R&D Systems, Minneapolis, MN) in 0.3
ml PBS was intraperitoneally injected.®’ To analyze the local
effect of VEGF and IL-17 on corneal inflammation or nerve
regeneration after wounding, some mice received anti-
mouse VEGF or anti-IL-17 goat polyclonal antibody (200
pg/ml; R&D Systems) dissolved in lubricating eye drops
(AdvancedMedical Optics, Santa Ana, CA) every 4 hours
for 24 hours. The control animals received an equal con-
centration of goat IgG solution as eye drops.

Corneal Epithelial Wounding Model

The central corneal wound was performed as previously
described’ using a 2-mm trephine to delineate the area
to be removed using a golf club spud for refractive sur-
gery (Accutome, Malvern, PA) under a dissecting micro-
scope. At various times following injury, mice were eu-
thanized, and corneal tissue including the limbus was
excised and processed for immunohistology or mRNA
isolation.

Immunofluorescence and Deconvolution Imaging

The corneal whole-mount technique was as described
before.’ In brief, wounded corneas with the complete
limbus were dissected, fixed (2% formaldehyde), perme-
abilized (0.01% Triton X-100), and then incubated with
the following labeled monoclonal antibodies: anti-TCR&
PE or FITC (clone GL3; BD Pharmingen) and anti-TCR&
APC (clone GI3; eBiosciences, San Diego, CA) for v T
cells; PECAM-1 (MEC 13.3 clone; BD Pharmingen) for
limbal vessel endothelium; anti-Gr-1 (RB6-8C5 clone; BD
Pharmingen) for neutrophils; anti-mVEGF (Lot No:YU14;
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96 hrs after abrasion

R&D Systems) for intracellular VEGF-A; anti-CD41
(MWReg30 clone; BD Pharmingen) for platelets; anti-
tubulin B 11l (Tud-1 clone; R&D Systems) for corneal
nerves; anti-mouse IL-17A PE (clone eBio17B7; eBio-
sciences); and anti-mouse CCR6 FITC (clone 140706;
eBiosciences), respectively. Controls using IgG iso-
type serum were in all cases negative. Radial cuts were
made in the cornea so that it could be flattened by a
coverslip, and the cornea was mounted in Airvol (Celan-
ese, Ltd, Dallas, TX), containing 1 umol/L of DAPI (Sigma
Chemical, St. Louis, MO) to assess nuclear morphology.
Image analysis and quantification of wounded corneas
were performed using Delta Vision (Applied Precision,
Issaquah, WA) as previously described.'* For documen-
tation of corneal nerve regeneration, subbasal nerve den-
sity was assessed using a standard pattern (see Figure
2B) for morphometric analysis.™ Whole mounts were eval-
uated using x40 oil immersion lens to assess each field of
view (150 X 150 um) across the cornea from limbus to
limbus. Each field was digitally captured for analysis as a
projected image of a 30-um-deep, deconvolved z-stack
(0.5-um steps) encompassing the corneal epithelium, the
subbasal nerves plexus, and an adjacent portion of the
corneal stroma. Systematic, uniform random sampling was
used to avoid observer sampling bias. Digital images of
tubulin lll-positive nerve fibers within the field were ana-
lyzed in Adobe Photoshop (Adobe Systems Inc., San Jose,
CA) using a standard point-counting grid to obtain esti-
mates of subbasal and epithelial nerve density. Counting
was done by a blinded observer. For analysis of platelets in
the limbus of healing corneas, eight randomly sampled
fields (projected images of a 30-um-deep z-stack, 0.5-um
steps, encompassing the limbal vessels) were collected
from the limbus of each cornea stained with anti-CD31 to
label limbal vessels and with anti-CD41 to label platelets. All
platelets in the fields were counted and divided into those
overlying the vessels and those not overlying the vessels
(ie, platelets judged to be in the extravascular compart-
ment).

Corneal regions

B 2] Figure 2. Regeneration of corneal nerves after
120 r T3 central epithelial abrasion. A: Image of anti-tubulin

> 1 (4] II-stained cornea immediately after central abra-
‘@ 100 1/1"\1 5 sion showing loss of nerves in the abraded area.
S T Fy An out-of-focus stromal nerve fiber is seen beneath
E 80 96 hours _ @] the abraded area. The dashed line indicates the
2 Tz limit of the epithelial abrasion. B: Plot of point-
2 60 counting density of subbasal nerves in corneal re-
p gions from the wound margin (field 2) to the cen-
& 40 ter of the original abrasion (field 5) at different
g times after epithelial abrasion (1 = 4, P < 0.01 for
s 20 24 hours time). Inset shows a schematic view of the cornea
U:; 0 6 hours ; with fields (150 X 150 pm) relative to the abraded
2 3 4 g area (enclosed by dotted line) analyzed by point

counting. This pattern was used for morphometric
analysis in subsequent figures presenting data on
mean nerve densities in fields from the paralimbal
field 2 to the center of the cornea (field 5). C: Typical
images of wound closure showing the abraded
area (fluorescein stained) of the corneal surface
with partial and complete closure from 6 to 24
hours. D: Cross sections of the central corneal ep-
ithelium at 96 hours following abrasion compared
with an uninjured cornea of age- and sex-matched
control. Full thickness of the stratified epithelium is
indicated by the arrows.

Histological Assessment of Corneal Epithelial
Thickness

Enucleated eyes were fixed overnight at 4°C in 0.1 M
sodium cacodylate buffer (pH 7.2) containing 2.5% glu-
taraldehyde. The cornea was then excised, taking care to
include the limbal tissue, and postfixed in 1% osmium
tetroxide for 1 hour at room temperature, dehydrated
through an ethanol series, and then embedded in resin
(LX 112; Polysciences, Warrington, PA). Thick (0.5-um)
sections were cut on an ultramicrotome (RMC 7000;
Venana Medical Systems, Tucson, AZ) equipped with a
diamond knife. Sections were stained with toluidine blue O
and viewed on an inverted microscope (DeltaVision Spec-
tris; Applied Precision) using a X20 objective, and trans-
verse measurements of the central epithelial thickness were
made using the calibrated linear measurement tool con-
tained in the supplied imaging software (SoftWorx).

VEGF ELISA Assay

VEGF was analyzed by ELISA kit (R&D Systems) in ex-
tracts of corneas collected at 0, 6, 12, 18, 24, 48, and 96
hours after wounding. Six corneas at each time point
were pooled in 400 wl of PRIM-1640 medium and sub-
jected to three freeze-thaw cycles and sonication for 30
seconds at 250 Hz. All homogenates were frozen at
—70°C until they were used in the assay.

Statistical Analysis

Data analysis was performed using analysis of variance
and pairwise multiple comparisons using Tukey’s test. A
P value of <0.05 was considered significant. Data are
expressed as means = SEM.
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Results

The subbasal plexus of murine corneal nerves was visible in
flattened whole mounts stained for B-tubulin lll, and typically
exhibited a centripetal pattern of nerves extending from the
limbus and converging in a swirl near the center of the
cornea (Figure 1).5°2 A similar pattern has been observed
in humans >3 Epithelial branches projecting from this plexus
into the stratified epithelium were readily visualized en face
at the focal plane of the basal epithelial nuclei. In the current
study of inflammation and nerve regeneration, animals be-
tween 2 and 3 months of age were chosen since this is a
period of peak nerve density (Figure 1C). Central corneal
epithelial abrasion removes the full thickness of the stratified
epithelium, including the subbasal nerves throughout the
debrided area (Figure 2A), without direct damage to the
underlying corneal stroma or the blood vessels in the lim-
bus.® At 6 hours after abrasion, few neurites were detected
within the originally debrided area, but by 24 hours, in-
creased nerve regeneration was seen within the periphery
of the original debrided area (Figure 2B). This is a time when
epithelial cells migrated as a monolayer to cover the ex-
posed stroma sufficiently to exclude fluorescein applied to
the ocular surface®*3° (Figure 2C). Nerve regeneration pro-
gressed to a density of ~19% of the uninjured cornea within
96 hours, a time when full-thickness epithelial stratification
attained pre-injury levels'" (Figure 2D). Thus, a distinct tem-
poral dissociation between epithelial restoration and nerve
regeneration was evident.

Reduced Inflammation Is Associated with
Reduced Corneal Nerve Regeneration

The inflammatory response to epithelial abrasion appears to
be necessary for efficient epithelial healing since experi-
mental conditions that reduce inflammation retard the epi-
thelial migration that covers the abraded area and the epi-
thelial proliferation necessary to restore full stratification.
Mice deficient in y8 T cells have a significantly reduced
inflammatory response to central corneal epithelial abrasion
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Figure 3. Corneal nerve regeneration in TCR§™/~
and ICAM-1"/" mice. A: GL3" cells (pseudo-
color light blue) in the paralimbal epithelium of
wild-type mice at 18 hours after central epithelial
abrasion. These cells were also positive for CCRO
(green) and IL-17A (red). Blue nuclei of basal
epithelial cells stained with DAPI. B: Cornea
from a TCRS™/~ mouse at 18 hours after central
epithelial abrasion showing CD3™" cells (pseudo-

Fields across comea

color light blue) in the paralimbus. The cornea
was also stained with anti-IL-17A-PE, but in con-
trast to wild-type corneas, the CD3™ cells (ar-
rows in lower panel) were not labeled. C:
Epithelial nerve fiber density in seven microscopic
fields across the cornea from paralimbus to para-
limbus comparing three strains of unwounded,
age-matched male mice. No statistical differences
were found among the strains. D: Photomontages
of the central cornea of a wild-type and an age-
and sex-matched TCR8™~ mouse 96 hours after
central epithelial abrasion. Nerves were stained
with anti-tubulin III-PE.
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(eg, 69% reduction in neutrophil influx), and the rate of
epithelial wound closure is reduced.’'* Although y8 T cells
are sparse and limited to the limbal epithelium in uninjured
cornea, they increase in number and migrate in wild-type
mice within 24 hours after injury toward the central region of
the cornea'! where they remain elevated for an extended
time beyond full restoration of the epithelium.™ In our cur-
rent studies, the GL3™ cells (ie, y8 T cells) stained positively
for CCR6 and IL-17A (Figure 3A), and resided in the epi-
thelium nearest the basal epithelial cells. Although TCR8 ™/~
mice had some CD3™ cells in the peripheral epithelium at
24 hours after central epithelial abrasion (Figure 3B),"
these cells failed to stain with anti-IL-17A (Figure 3B). Cor-
neal nerve development in the TCR8 ™/~ mice appeared to
be comparable to wild-type mice since the nerve density in
unwounded corneas was not different from wild-type mice
(Figure 3C), but regeneration of nerves after injury was 66%
less (P < 0.001, n = 6) at 4 days in the TCR8~/~ mice than
in the wild-type mice (Figure 3D, Figure 4, A and B). Re-
epithelialization was also delayed in the TCR8™/~ mice but
not as severely as nerve regeneration. There was a 29%
decrease (n = 4, P < 0.01, Figure 4C) in epithelial cell
density in the abraded area at 4 days post-injury (consistent
with our previously published data'") in the TCR8™/~ mice.
Wild-type mice treated before epithelial abrasion with anti-
body GL3 to acutely deplete 8 T cells' '€ had only 60% of
control regeneration of nerve density (P < 0.001, n = 4)
(Figure 4, A and B). However, administration of GL3 at 14
hours after epithelial abrasion failed to reduce nerve regen-
eration (Figure 4, A and B). GL3 administration before
wounding also reduced the density of epithelial basal cells,
but at 14 hours after wounding, GL3 was without effect on
this parameter of healing (Figure 4C). Apparently, events
within the first 14 hours are important for nerve regeneration
and epithelial restoration.

Mice deficient in ICAM-1 have a significantly reduced
inflammatory response to corneal epithelial abrasion.'*3”
Nerve density in uninjured corneas from ICAM-1"/~ mice
did not significantly differ from age- and sex-matched wild-
type mice (Figure 3C), but neurite regeneration was signif-
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Figure 4. Corneal nerve regeneration in TCR§ ™/~ and ICAM-1"/" mice. A: Point-counting analysis of subbasal nerve density in four microscopic fields from
paralimbus (field 2) to the corneal center (field 5) at 96 hours after central epithelial abrasion comparing wild-type and TCR8 ™/~ mice, and wild-type mice treated
at different times with antibody GL3 (7 = 4 to 6, mean * SEM). B: Subbasal nerve density graphs of total point-counting values across the cornea at 96 hours
after central epithelial abrasion (means = SEM, *P < 0.001, 7 = 4 to 6 for each experimental condition). Experimental conditions: WT, wild-type C57BL/6 male
mice receiving control nonbinding antibody i.p. before corneal abrasion; TCR§ ™/, ¥8 T cell-deficient mice; WT, GL3, 0 indicates WT mice injected i.p. before
epithelial abrasion with antibody GL3; WT, GL3, 14 indicates WT mice injected i.p. with antibody GL3 at 14 hours after epithelial abrasion; ICAM-1""", mice
expressing no full-length or alternatively spliced forms of ICAM-1?%; Anti-IL-17, mice injected i.p. with anti-IL-17 before epithelial abrasion; TCR§™/~ + rIL-17
indicates knockout mice receiving i.p. rTL-17 before epithelial abrasion. C: Basal corneal epithelial cell density per field of view in the center of the cornea at 96
hours after central epithelial abrasion from mice receiving GL3 before injury (black bar) and 14 hours after injury (gray bar) (mean * SEM, n = 4, *P < 0.01).
The 14-hour value is not significantly different from untreated mice at 96 hours after injury (mean density of 126 = 12). D: Effects of anti-IL-17A antibody given
i.p. pre-injury to wild-type mice were analyzed 24 hours after epithelial abrasion, and effects of recombinant IL-17A (rIL-17A) given i.p. pre-injury to TCRS '~

mice were analyzed 24 hours after abrasion. These photos show representative images of nerve density in region 3 (see schema in Figure 2).

icantly less at 4 days after epithelial abrasion (Figure 4B).
ICAM-17/~ mice had a 56% reduction (P < 0.001,n = 4) in
nerve regeneration at 96 hours after injury.

Since epithelial yo T cells were positive for IL-17, the
potential contribution of this cytokine to wound healing was
assessed. Treating wild-type mice by intraperitoneal injec-
tion with anti-IL-17 before epithelial abrasion significantly
reduced subbasal nerve regeneration at 24 hours after
abrasion (34% reduction, n = 4, P < 0.01, Figure 4D) and
at the 96-hour observation time (51% reduction,n = 4, P <
0.001, Figure 4B). Administering recombinant IL-17A i.p. to
TCR&™/~ mice before epithelial abrasion increased sub-
basal nerve regeneration at 24 hours after abrasion (Figure
4D) and at the 4-day observation time (Figure 4B).

Platelets Contribute to Corneal Nerve
Regeneration

Antibody GL3 administration at 14 hours after epithelial
abrasion failed to reduce nerve recovery, suggesting that

the contribution of y8 T cells to nerve regeneration is early
and possibly indirect. Either TCR6™/~ or ICAM-17/7
mice, or specific antibody blockade before corneal
wounding with antibody GL3"" or anti-ICAM-1 antibody
YN1'* significantly reduces platelet accumulation in the
limbus following central epithelial abrasion. As shown in
Figure 5A, platelets were abundant in and around limbal
blood vessels at 12 hours after epithelial abrasion in
wild-type mice, but platelets were diminished in TCR8 ™/~
mice (Figure 5B) and appeared to be largely confined to
the vessel lumen. Platelet accumulation and extravasa-
tion at 12 hours after wounding was significantly greater
in wild-type mice (Figure 5, A and C).

To determine whether platelet accumulation is neces-
sary for efficient corneal nerve regeneration, platelet de-
pletion was induced in wild-type mice by systemic ad-
ministration of monoclonal antibody to GP1ba given 24
hours before epithelial abrasion. This depletes blood
platelets by ~93% when assessed at 18 hours after ep-
ithelial abrasion, with sustained depletion for 4 days with-
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Figure 5. Platelets and corneal nerve regeneration. A: Limbal vessels of a
C57BL/6 wild-type male mouse 12 hours after central corneal epithelial
abrasion. Vessels were stained with anti-CD31-PE (red), and platelets were
stained with anti-CD41-FITC (green). The inset shows limbal vessels (anti-
CD31-PE, red) and nerves (anti-tubulin III-FITC, green). B: Limbal vessels of
TCRS8/~ male mouse 12 hours after central corneal abrasion (anti-CD31-PE,
red, and anti-CD41-FITC, green). C: Platelet distribution in the limbus of two
age- and sex-matched strains of mice determined on limbal vessel photomi-
crographs of deconvolved projected images of 30 wm of z-stacks collected at
0.5-pm steps. *P < 0.01, n = 4. D: Wild-type male C57BL/6 mice were
injected i.p. with anti-GP1ba antibody to deplete blood platelets 24 hours
before central corneal epithelial abrasion. Controls were uninjected mice and
mice injected with a nonbinding antibody. Whole-mount preparations of
corneas were stained with DAPI and anti-tubulin III-PE, and nerve density
was evaluated both by counting epithelial nerve branches and point counting
subbasal nerves.

out significant changes in other leukocyte numbers.?”
Corneal nerve recovery at 96 hours after epithelial abra-
sion was significantly reduced in platelet-depleted mice
(Figure 5D). At 24 hours after epithelial abrasion, nerve
recovery was 62% less than controls for epithelial
branches (P < 0.001, n = 4) and 57% less for subbasal
nerves (P < 0.001, n = 6). Platelet depletion does not
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reduce the accumulation of y8 T cells in the healing
corneal epithelium after abrasion,' indicating that y8 T
cells in the epithelium are insufficient to directly promote
corneal nerve regeneration.

The apparent contribution of platelets to corneal nerve
regeneration was also investigated by passive transfer of
normal platelets into mice deficient in P-selectin, an ad-
hesion molecule necessary for the efficient localization of
platelets at an inflammatory site.?”*® P-selectin-deficient
(P-sel™'~) mice without injury exhibit the same level of
corneal density as wild-type mice (Figure 6A), but exhib-
ited a 54% reduction (P < 0.01, n = 4) in nerve regen-
eration at 96 hours after epithelial abrasion (Figure 6B),
consistent with the observations following systemic plate-
let depletion. Platelets isolated from C57BL/6 wild-type
mice of the same background as the P-sel™~ mice were
transferred i.v. to P-sel”’~ mice 30 minutes before cor-
neal epithelial abrasion. P-sel™/~ mice receiving the wild-
type platelets exhibited significantly greater nerve recov-
ery at 96 hours after injury than P-sel™/~ receiving i.v.
injection of vehicle (Figure 6B). Epithelial branches of
subbasal nerves revealed a 63% increase (P < 0.01,n =
4), and subbasal nerve fiber analysis revealed a 48%
increase (P < 0.01, n = 4). These observations indicate
a role for platelets in corneal nerve regeneration.

Neutrophils in Inflammation-Enhanced Corneal
Nerve Regeneration

Our previous studies of the inflammatory response to
corneal abrasion revealed that either v T cell deficiency
or systemic platelet depletion significantly reduces neu-
trophil accumulation in the corneal limbus and stroma,
and P-selectin—deficient mice exhibit markedly reduced
neutrophil accumulation in the cornea that is significantly
corrected by passive transfer of wild-type platelets.?”
Though excessive neutrophil accumulation may be asso-
ciated with enhanced epithelial injury,3” the possibility
that neutrophils are necessary for the inflammation-en-
hanced corneal nerve regeneration was assessed. Mice
receiving either anti-Ly6G (to deplete neutrophils) or anti-
GP1ba (to deplete platelets) had significantly less cor-
neal nerve recovery at 24 hours after corneal abrasion
than control mice (Figure 7A). Previous studies have
shown that platelet depletion markedly reduces neutro-
phil accumulation, and neutrophil depletion markedly re-
duces platelet accumulation after epithelial abrasion.?”
Since anti-Ly6G and anti-GP1ba antibodies are specific
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B P-scl-/, Platelet Flgul)'e 6. Pgsswe “tr%mster .ot \wl(l—typg plat‘eletb
=160 transfusion into F —s_elect.m—dchmegt mlce: A: Density .o.f cor-
o o neal epithelial nerve branches was quantlf}cd in
c 140 uninjured wild-type and P-selectin—deficient
© 120 mice (7 = 4). B: Density of subbasal nerves was
g 100 analyzed in regions of the cornea at 96 hours
@ g after central epithelial abrasion in P-selectin—de-
= ficient mice with and without passive intrave-
8 . nous transfer of platelets 24 hours before corneal
2 40 wounding (n = 4). Total counts of epithelial
B 20 nerves across the corneas at 96 hours in P-selec-
w g tin—deficient mice with and without passive

transfer of platelets. (*P < 0.01, n = 4).
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Figure 7. Neutrophils and VEGF-A in corneal nerve regeneration. A: Density of corneal subbasal nerves was analyzed at 24 hours after central epithelial abrasion
in wild-type mice receiving i.p. control nonbinding antibody (Control Ab), anti-GP1ba (ie, to induce platelet depletion), or anti-Ly6G (ie, to induce neutrophil
depletion) before corneal wounding (7 = 4). B: Density of corneal subbasal nerves was analyzed at 96 hours after central epithelial abrasion in wild-type mice
receiving i.p. control antibody, anti-VEGF-A, or anti-Ly6G before central epithelial abrasion. C: Basal epithelial cell density at 96 hours after central epithelial
abrasion in mice receiving i.p. control antibody (gray bar) or anti-VEGF-A (black bar, n = 4, *P < 0.01) before epithelial abrasion. D: Neutrophils per field of view
in parawound corneal stroma at 12 hours after central epithelial abrasion in mice receiving i.p. the control antibody (gray bar) or anti-VEGF-A (black bar, n =
6,*P < 0.0D). E: Topical application of anti-VEGF-A or control IgG every 4 hours for 24 hours after corneal epithelial abrasion in wild-type mice plotting subbasal
nerve density in fields of the cornea from paralimbus to center at 24 hours after wounding (curves significantly different, 7 < 0.01, n = 4). F: Topical application
of anti-VEGF-A or control IgG every 4 hours for 12 hours after corneal epithelial abrasion in wild-type mice plotting neutrophils in four randomly selected fields
of view within the original wound margin (ie, field 3, schema in Figure 2B); or topical application of anti-IL-17 or control IgG to a second set of mice using the

same protocol (n = 6, *P < 0.01).

for the respective cell types, and induce selective deple-
tion of these cells from the blood,?” the colocalization of
neutrophils and platelets in the cornea is apparently a
necessary condition for enhanced nerve regeneration.
In the extravascular space, platelets remained mostly
within 30 uwm of limbal vessels, but neutrophils migrated
to the center of the cornea within hours of injury.® Neu-
trophils were rarely seen within the epithelium but were
prominently located immediately below the subbasal
nerves (Figure 8, A and E). Neutrophils are known to
carry VEGF-A in their granules,®*~*® and VEGF is known
to exhibit a trophic effect on nerve growth.**=*° Mice
receiving systemic administration of anti-VEGF-A had
85% less (n = 4, P < 0.001) corneal nerve recovery at
96 hours after epithelial abrasion than mice receiving
the control antibody (Figure 7B). Systemic injection of
anti-VEGF-A has reported anti-inflammatory activity®°
but appeared in this model to be more effective in
reducing nerve regeneration at this time than it was in
reducing the early influx of neutrophils (40% reduction,
n = 4, P < 0.01) (Figure 7D). The anti-VEGF-A treat-
ment reduced by less than 20% (P < 0.01, n = 4) the

basal epithelial cell density at 96 hours after wounding
(Figure 7C).

To test the local effect of anti-VEGF-A, mice with cor-
neal abrasions on both eyes were treated topically with
anti-VEGF-A in one eye and control IgG in the contralat-
eral eye. Treatments were applied every 4 hours for 24
hours, and corneas were collected and analyzed for
nerve regeneration in that region of the cornea and for
neutrophils arriving beneath the original wound edge.
Consistent with the systemic administration of anti-
VEGF-A, nerve regeneration was significantly retarded
(60.5% reduction, n = 6, P < 0.01) in the treated eye
compared to the contralateral eye (Figure 7E), but in
contrast to systemic treatment, topical anti-VEGF-A failed
to reduce the number of neutrophils arriving at the wound
edge at 12 hours after epithelial abrasion (Figure 7F).
These observations support the idea that local VEGF-A is
critical to early nerve regeneration but not neutrophil em-
igration. Local IL-17, however, does appear to participate
in neutrophil recruitment since the arrival of neutrophils at
the wound edge 12 hours after wounding was significantly
reduced by topical application of anti-IL-17 (Figure 7F).



A possible link between neutrophils/platelets and cor-
neal VEGF was supported by immunocytology that re-
vealed staining for VEGF-A in the emigrated neutrophils
(Figure 8C) and platelets (Figure 8, B and D). VEGF-A
levels in corneal tissue peaked at 12 hours after cor-
neal abrasion in wild-type mice (Figure 9A). In wild-
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Figure 8. Photomicrographs of murine corneal tissue after cen-
tral epithelial abrasion. Neutrophils in the cornea: (A) An orthog-
onal view of the region of the original wound margin at 12 hours
after injury generated from a deconvolved 30-um-deep z-stack
collected at 0.5-um steps revealing the positional relationship be-
tween basal epithelial nuclei (blue, DAPI) above the subbasal
nerves (red, anti-tubulin I, and neutrophils (green, anti-Gr-1-
FITC) below. C: Neutrophils in a deconvolved image of a single
0.5-um-deep focal plane in the subbasal region of the original
wound margin at 12 hours after epithelial abrasion, revealing anti-
VEGF-A antibody binding (red) associated with the neutrophils. E:
An orthogonal view of a region of the original wound margin after
24 hours generated from a deconvolved 30-um-deep z-stack col-
lected at 0.5-um steps revealing the positional relationship be-
tween epithelial nuclei (blue, DAPD) with staining in the outer
layers of the epithelium with anti-VEGF-A (red), subbasal nerves
(green, anti-tubulin 11D, and neutrophils (yellow, anti-Gr-1). Plate-
lets in the cornea: (B) Limbus at 12 hours after epithelial abrasion
showing platelets (green, anti-GP1ba) and limbal vessel outlined
by hatched line (staining of anti-CD31 not shown for optimal view
of anti-GP1ba staining). D: Same field of view as B, revealing the
staining pattern of anti-VEGF-A (red/yellow) and anti-GP1ba
(green).

type mice following anti-Ly6G-induced neutrophil deple-
tion, VEGF-A and platelet localization in the limbus were
reduced in the cornea at 12 hours after injury (Figure 9, B
and C). TCR8 ™/~ and P-sel™/~ mice also had reduced
VEGF-A levels in corneal tissue at 12 hours after injury
(Figure 9B), consistent with the previously shown reduc-
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Figure 9. VEGF-A detected by ELISA in corneas following central epithelial abrasion. A: Extracts of six corneas per time point after central epithelial abrasion
in wild-type mice were pooled, and each pool was analyzed by ELISA for VEGF-A. B: Extracts of six corneas at 12 hours after central epithelial abrasion were

pooled and analyzed for VEGF-A. Comparisons are shown of wild-type with TCR§ ™~

, P-sel /7, and wild-type mice treated before injury with anti-Ly6G to deplete

circulating neutrophils. C: Effects of anti-Ly6G on the accumulation of platelets in the limbus of corneas at 12 hours after central epithelial abrasion (12 = 4,
*#P < 0.001). D: P-sel "~ mice were either sham treated or given wild-type platelets i.v. before central epithelial abrasion. At 18 hours following abrasion, corneas
were collected, and VEGF-A was determined by ELISA, n = 3 separate experiments for each condition, *P < 0.01. Neutrophils in the parawound and paralimbal
stromal regions (E) and platelets in the limbus (F) at 12 hours after epithelial abrasion comparing wild-type, wild-type treated with anti-IL-17 i.p. before wounding,

TCR8 ™/~ mice, and TCR§ ™/~

mice receiving rIL-17 i.p. before wounding (7 = 4 for each condition, P < 0.01 compared with wild-type control).
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tion in neutrophil and platelet response in these mice."’
P-sel™/~ mice receiving passive transfer of wild-type
platelets exhibited not only increased corneal nerve re-
covery (Figure 6B) and neutrophil accumulation,®” but
also significantly increased VEGF-A detected in the
abraded corneas by ELISA (Figure 9D).

The observed changes in nerve regeneration after de-
pleting or supplementing IL-17 in this model (Figure 4B)
likely reflect changes in neutrophil/platelet mobilization.
As shown in Figure 9, E and F, systemic administration of
anti-IL-17 reduced both neutrophil and platelet accumu-
lation at 12 hours after epithelial abrasion, and systemic
administration of rlL-17A before wounding in TCR8™/~
mice resulted in tissue levels of neutrophils and platelets
similar to those in wild-type mice.

Discussion

Corneal epithelium heals rapidly following abrasion, re-
turning to unwounded basal epithelial density and depth
of stratification within a few days,"" but the stability of the
healed epithelium appears to be uncertain, with ob-
served erosions at later times.®" In contrast to the epithe-
lium, the subbasal nerve plexus is <20% of its un-
wounded density at the time when the epithelium initially
appears fully healed. Marked delays in nerve healing
appear to be true in humans as well.527°* Given the
known trophic effect of the subbasal nerves on the epi-
thelium,®>~57 sustained health of wounded corneal epi-
thelium may depend on substantial nerve regeneration.

Our results indicate that corneal nerve regeneration
following central corneal epithelial abrasion is positively
influenced by the inflammatory process. Components of
the inflammatory cascade critical to this beneficial effect
include y3 T cells in the epithelium, influx of neutrophils
into the stroma beneath the regenerating nerves, and
accumulation of platelets in the limbus. These events
occur within the first 12 to 24 hours following epithelial
abrasion. The major influx and contribution of these cells
apparently occur within this time frame when very early
nerve regrowth can be detected, and epithelial wound
closure is nearing completion. Targeted depletion of y T
cells, neutrophils, or platelets is sufficient to result in
some delay in epithelial wound closure,’"'*27 but cor-
neal nerve recovery at 4 days is markedly reduced.

vd T cells are resident in small numbers within the
limbus of the normal cornea.’ After corneal abrasion,
they increase significantly in the limbal, paralimbal, and
parawound areas of the epithelium and remain elevated
in numbers for up to 2 weeks.'* They also increase in the
stroma near the limbal blood vessels especially early
after wounding, preceding substantial increases in their
number in the epithelium. In ICAM-1-deficient mice (ie,
animals with no full-length or alternatively spliced forms of
ICAM-1),2* 48 T cells accumulate in the stroma near
limbal vessels but fail to migrate into the healing epithe-
lium.' It seems that normal expression of ICAM-1 by the
corneal epithelium is necessary for y6 T cell localization
in the epithelium. The observation of significantly delayed
nerve regeneration in ICAM-1-deficient mice suggests

that localization of y8 T cells in the epithelium is important
to their contribution to healing. However, wild-type mice
depleted of platelets exhibit normal accumulation of y8 T
cells in the epithelium following abrasion,'® but as shown
in the present study, platelet depletion significantly de-
layed nerve regeneration. These observations suggest
the y& T cells that accumulate in the cornea are insuffi-
cient to directly promote nerve regrowth.

The v8 T cells in the cornea may function predomi-
nantly to induce rapid neutrophil and platelet accumula-
tion, consistent with known activity of the IL-17* subsets
of y8 T cells.’® 822 Though neutrophils may be detrimen-
tal to wound healing in some instances and locations (eg,
epidermal re-epithelialization’), evidence for a significant
role in tissue healing comes from studies of corneal ep-
ithelial wounds where depletion of leukocytes is associ-
ated with delayed re-epithelialization®?”°® and en-
hanced spinal cord injury with diminished neuronal
functions.2 TCR8™/~ mice or wild-type mice treated be-
fore corneal epithelial abrasion with antibody GL3 in the
model used in the current report exhibit >65% reduction
in both neutrophils and platelets'" within the first 18 hours
after injury. The recruitment of neutrophils is an estab-
lished, IL-17-dependent function of some y8 T cell sub-
sets,'® but the recruitment of platelets is a new observa-
tion. In corneal tissue, the recruitment of platelets and
neutrophils appears to be interdependent,?” but the
mechanism for this interdependence is not clear. Platelet
P-selectin appears to be necessary since the deficient
colocalization of neutrophils and platelets in the limbus of
P-selectin—deficient mice is partially restored by the pas-
sive intravenous transfer of isolated wild-type platelets.?”

Temporal and spatial assessment of neutrophils local-
izes them very near the subbasal nerve plexus when
early nerve regeneration into the original wound is evi-
dent. This places neutrophils at a substantial distance
from the limbal vessels, the site of transmigration from the
blood. Their migration to the wound edge occurs within
the stroma and appears to be in contact with the kerato-
cyte network within the orthogonally arranged collagen
layers of the anterior cornea.® Neutrophils directly below
the subbasal nerves stain positively for VEGF, consistent
with the established presence of VEGF stores in mature
neutrophils.®*~*® ELISA-detected VEGF in the healing
corneas at 18 hours after injury is substantially influenced
by neutrophil influx since neutrophil depletion markedly
diminished VEGF levels. An apparent contribution of
VEGF to nerve regeneration was indicated in mice
treated systemically with anti-VEGF antibody before cor-
neal wounding or treated topically with anti-VEGF imme-
diately following injury, and the degree of inhibition was
substantially greater than anti-VEGF-induced delay in
epithelial wound closure. The established trophic effect
of VEGF on nerve growth,**~4° including studies of neu-
rite outgrowth of trigeminal ganglion cultures,** supports
an interpretation that VEGF is critical to corneal nerve
regeneration. Our data are consistent with the possibility
that neutrophils acutely provide VEGF necessary for early
nerve regeneration. In vitro stimulation of murine neutro-
phils induces rapid release of prestored VEGF.**



The avascular nature of the cornea is due in part to
intrinsic mechanisms that limit availability of VEGF in the
corneal tissue,®>€" and it is well-known that lesions to the
cornea induced by toxic substances or foreign bodies
embedded in the cornea induce neovascularization that
is prominently dependent on VEGF®? likely supplied by
inflammatory cells.**>%® Anti-VEGF strategies are of inter-
est in preventing neovascularization.®* However, with
corneal lesions such as epithelial abrasion with damage
to the corneal nerves, neovascularization is not evident,
and as we and others have observed,®®%® anti-VEGF de-
lays to some extent re-epithelialization. The more pro-
nounced inhibitory effect of anti-VEGF, as discussed above,
is on nerve regeneration.

Our current experiments indicate that local IL-17 par-
ticipates in early arrival of neutrophils at the wound edge,
but systemic effects of the experimental IL-17 depletion
and restoration may indicate an influence of broader
mechanisms on eye inflammation. Although the y8 T cells
in the cornea within the first 18 hours after injury are
positive for IL-17, and mice deficient in yd T cells lack
cells positive for IL-17, the use of systemic administration
of antibodies and recombinant IL-17 leaves open the
clear resolution of whether the y8 T cells in the cornea are
the dominant contributors of IL-17 effects. Systemic in-
creases in IL-17 may augment neutrophil emigration at
inflammatory sites.®” Systemic depletion and restoration
of IL-17 may act at potentially several sites including
nerves,** limbal vessels,®”**® and bone marrow®® to in-
fluence the y8 T cell-dependent inflammatory cascade.
Accumulation of neutrophils and platelets within the first
14 hours after injury could significantly affect additional
healing processes such as macrophage accumulation
with longer-term production of nerve growth factors.”®

In summary, our results demonstrate that yé T cells,
IL-17, neutrophils, platelets, and VEGF are necessary for
efficient corneal nerve regeneration following epithelial
abrasion. y8 T cells are required for the influx of neutro-
phils and platelets, but appear insufficient to directly pro-
mote nerve regrowth. The early rise of VEGF in the
wounded cornea is significantly dependent on neutro-
phils and platelets, and VEGF™* neutrophils are in prox-
imity to very early regenerating neurites. Anti-VEGF ad-
ministered systemically before injury or topically after
injury markedly retards nerve regeneration. These results
document a beneficial role for the y8 T cell-dependent
inflammatory response to corneal epithelial abrasion.
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