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The functions of intraepithelial dendritic cells (DCs)
are critical for mucosal innate and adaptive immu-
nity, but little is known about the role of tissue-spe-
cific DCs in epithelial homeostasis and tissue repair.
By using the epithelial debridement wound model
and CD11c—diphtheria toxin receptor mice that ex-
press a CD11c promoter—driven diphtheria toxin re-
ceptor, we showed that DCs migrate along with the
epithelial sheet to cover the wound and that local
depletion of DCs resulted in a significant delay in
epithelial wound closure. In response to wounding,
migratory epithelia produce CXCL10, thymic stromal
lymphopoietin, and IL-18 and its antagonist soluble
IL-1 receptor antagonist (sIL-1Ra); depletion of cor-
neal DCs reversed their elevated expressions to a dif-
ferent extent, suggesting a DC-mediated positive feed-
back loop in epithelial gene expression. Furthermore,
both CXCL10 and thymic stromal lymphopoietin
were localized in migratory epithelia, suggesting that
epithelial cells play a key role in DC infiltration and
activation in injured corneas. On the other hand, DC
depletion resulted in suppressed epithelial AKT acti-
vation, increased cell apoptosis, and decreased
polymorphonuclear leukocyte infiltration in the
healing cornea. These results indicate that DCs and
epithelium form a functional entity at mucosal sur-
faces for maintaining corneal homeostasis and
for tissue repair. (AmJ Patbol 2011, 179:2243-2253; DOI:
10.1016/j.ajpath.2011.07.050)

Dendritic cells (DCs) are diverse and specialized hema-
topoietic cells that serve as an essential bridge between
innate and adaptive immunity.”? DCs are categorized as
conventional or myeloid DCs and plasmacytoid DCs, a

rare population of circulating cells. Conventional DCs line
the tissues of the body exposed to the exterior environ-
ment, such as the skin and the epithelia of the lung,® the
gut* and the cornea,® where they survey tissues for in-
coming pathogens or the emergence of pro-inflammatory
stimuli.® In the cornea, it is increasingly clear that, al-
though macrophages only occupy the posterior stroma,
DCs reside in both the stroma and the epithelium, both
with phenotypically different subtypes.”~'° In corneal ep-
ithelium stratified with five to seven layers of cells, DCs
residing at the basal epithelial layer are more numerous
in the peripheral than in the central cornea.”" Some of the
DCs at the central cornea insert processes between ep-
ithelial cells, and these processes might sample antigens
from the environment.""'® Emerging studies’'® indi-
cated a critical role for DCs in ocular inflammation and
infection, especially HIV-1 keratitis. Two recent stud-
ies'" '3 using epithelial point-injury and pro-inflammatory
cytokines as stimuli reveal that DCs responded to these
stimuli by changing cell orientation or migrating toward
the site of stimulation. Although a role in maintaining
epithelial homeostasis has been suggested, whether
DCs are involved in epithelial wound healing and tissue
repair has not been studied.

The avascular cornea consists of three layers: stratified
epithelium, stroma, and endothelium. It has two special-
ized functions: forming a protective barrier and serving
as the main refractive element of the visual system. The
corneal epithelium, like other mucosa linings in the hu-
man body, is continuously subjected to physical, chem-
ical, and biological insults, often resulting in a wound and
loss of barrier functions.'®~'® The corneal epithelium re-
sponds rapidly to injury, healing a wound by migrating as
a sheet to cover the defect and to re-establish its barrier
function.2" Prolonged corneal epithelial defects due to
a delay in wound healing may result in sight-threatening
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complications, including corneal opacity, neovascular-
ization, and microbial keratitis.?*?3 In the wounded cor-
nea, the epithelium plays a central role, as a key cell type
in repairing the cornea and as the source of several
growth factors.'®2° In addition to the epithelial cells, in-
nate immune cells, such as polymorphonuclear leuko-
cytes (PMNs) and y8T cells, have also been involved in
the regulation of epithelial wound healing in vivo.2472¢
DCs are another cell population located at the basal layer
of the corneal epithelium.’®27-3° Unlike PMNs and y8T
cells, which are usually not found in the cornea,?®®" DCs
are present and embedded in the epithelia of many mu-
cosal surfaces.™® Thus, both epithelial cells and intraepi-
thelial DCs are in the front line facing external environ-
ments and can sense danger signals, including tissue
injury and infection. It is likely that the epithelial cells and
DCs will interact with each other to form a coordinated
action against adverse challenges.” How these two types
of residential cells interact and what roles DCs might play
in mediating epithelial migration, proliferation, and wound
healing in injured tissue remain largely unclear. There-
fore, we proposed that DCs serve as an essential
bridge between innate and adaptive immunity and be-
tween mucosal epithelial cells and innate effector cells
in response to wounding and invading pathogens, re-
sulting in a rapid epithelial wound healing and fast-
acting local innate response to eliminate infected cells
and invading pathogens.

In this study, we took advantage of B6.DTR/enhanced
green fluorescence protein (EGFP) mice that express a
CD11c promoter—driven diphtheria toxin (DT) receptor
(DTR) and EGFP®2*3 and assessed the role of DCs in the
regulation of corneal epithelial wound healing.®"3?
Herein, we report that the lack of DCs in the cornea
altered the epithelial response to injury, increased cell
death, and impaired epithelial wound healing. By using
the corneal epithelial wound model, we made several
important discoveries applicable to other tissues, such as
the skin and airway, and to other pathological conditions,
such as delayed wound healing in diabetic skin and
cornea.

Materials and Methods
Mice

Wild-type (WT) C57BL6 (B6) mice (age, 8 weeks; weight,
20 to 24 g) and CD11c-DTR [B6.FVB-Tg (ltgax-DTR/
EGFP) 57Lan/J] mouse breeding pairs were obtained
from Jackson Laboratory (Bar Harbor, ME). B6.CD11c-
DTR mice carry a transgene encoded for a simian DTR-
EGFP fusion protein under the control of the murine
CD11c promoter, which makes them sensitive to DC de-
pletion with DT. B6-DTR mice were bred in-house, and
their pups were subjected to genotyping before use.
Animals were treated in compliance with the Association
for Research in Vision and Ophthalmology Statement on
the Use of Animals in Ophthalmic and Vision Research.
The Institutional Animal Care and Use Committee of

Wayne State University, Detroit, Ml, approved all animal
procedures.

Depletion of DCs

B6-DTR mice were depleted of their DCs using either 50
ng of DT in 5 uL of PBS administered subconjunctivally
(s.c.) or 100 ng of DT in 100 L of PBS administered i.p.
24 hours before wounding.'* The controls include B6-
DTR mice s.c. injected with the same amount of PBS or
WT B6 mice injected with 50 ng of DT. The efficiency of
DC depletion in corneas was monitored by whole
mound immunostaining before and 24 hours after
wounding (hpw).

Corneal Epithelial Debridement Wound

Mice were anesthetized by i.p. injection of ketamine-
xylazine, and the central corneal epithelium was demar-
cated with a 2-mm trephine and then removed using a
blade under a dissecting microscope. Care was taken to
minimize injury to the epithelial basement membrane and
stroma. While under anesthesia, ocular surfaces were
protected from drying by topical administration of baci-
tracin ophthalmic ointment immediately after injury.

Assessment of wound closure was performed by fluo-
rescein staining (0.1% sterile fluorescein solution in PBS)
and followed by rinsing of the ocular surface with PBS
and photographing with a digital camera. The remaining
denuded area was quantitated using Photoshop (Adobe
System Inc., San Jose, CA). The healing rate was calcu-
lated as follows: (original wound area-current wound ar-
ea)/original wound area (in percentage).

Immunostaining of Whole Mount Corneal Tissue

Mice were euthanized, and the entire cornea plus the
limbus was excised under the operating microscope.
Excised corneas were fixed in 4% paraformaldehyde and
stored at 4°C until further processing. Before staining,
radial incisions were made to produce six pie-shaped
wedges. Corneas were washed in PBS, incubated in 20
mmol/L prewarmed EDTA for 30 minutes at 37°C, and
incubated with a 0.2% solution of Triton X-100 in PBS plus
1% bovine serum albumin (BSA) for 20 minutes at room
temperature. After blocking, the corneas were incubated
overnight at 4°C with 100 uL of mouse CD11c antibody
(BD Pharmingen, San Diego, CA) diluted in PBS with 1%
BSA. The tissues were then washed five times in PBS.
Corneas were then incubated with 100 uL Cy3-conju-
gated antibody diluted in PBS with 1% BSA for 1 hour at
room temperature. This was followed by five washes in
PBS. Stained tissue whole mounts were placed in
Vectashield mounting medium (Vector Lab, Burlingame,
CA) onto glass slides and coverslipped. Corneal whole
mounts were examined using confocal microscopy
(TCSSP2; Leica, Wetzlar, Germany) for EGFP™ cells or
immunopositive cells in the corneal epithelium.



IHC and TUNEL Assay

Mouse eyes were enucleated and embedded in Tissue-
Tek (Miles Inc., Elkhart, IN) optimal cutting temperature
(OCT) compound and frozen in liquid nitrogen. Sections
(8-um thick) were cut and mounted to polylysine-coated
glass slides. After a 10-minute fixation in acetone, slides
were blocked with 10 mmol/L sodium phosphate buffer
containing 2% BSA for 1 hour at room temperature. Sec-
tions were then incubated with mouse primary antibody
[NIMP-R14 (anti-neutrophil antibody), 1:100; thymic stro-
mal lymphopoietin (TSLP), 1:400; CXCL10, 5 pg/mL; or
p-AKT,1:100]. This was followed by a secondary anti-
body, fluorescein isothiocyanate, or Cy3-conjugated goat
anti-rat or anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA, 1:100), and slides were
mounted with Vectorshield mounting medium containing
DAPI mounting media. Controls were similarly treated, but
the primary antibody was replaced with rat or rabbit IgG. To
detect apoptotic cells, mouse corneal cryostat sections
were fixed in 2% paraformaldehyde and stained with an
ApopTag plus fluorescein in situ apoptosis detection kit
(TUNEL staining; Chemicon, Temecula, CA). The stained
slides were mounted with Vectorshield mounting DAPI me-
dium for nuclear staining and examined under an Olympus
BX50F fluorescence microscope (Olympus, Tokyo, Japan)
with an ApoTome digital camera.

RNA Extraction and Real-Time PCR

For RNA isolation, epithelial cells were scraped off the
cornea and frozen in liquid nitrogen immediately. RNA
was extracted from the collected epithelial cells using an
RNeasy Mini Kit (Qiagen, Valencia, CA), according to the
manufacturer’s instructions. cDNA was generated with an
oligo(dT) primer (Invitrogen, Carlsbad, CA), followed by
analysis using real-time PCR with the Power SYBR Green
PCR Master Mix (AB Applied Biosystems, Carlsbad, CA),
based on expression of B-actin. The primer pairs used
are in Table 1.

Statistical Analyses

Data were presented as mean = SD. Statistical differ-
ences among three or more groups were identified using
one-way analysis of variance. Differences were consid-
ered statistically significant at P < 0.05.

Table 1. Primers Used for Real-Time PCR
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Results

DT-Medliated Local DC Depletion in the Cornea
of CD11¢c-DTR Mice

DCs were sparsely distributed centrally and were denser
in the peripheral cornea, with fine processes inserting
between epithelial cells and extending in the anteropos-
terior direction. By using confocal fluorescence micros-
copy, we confirmed the distribution pattern of DCs in
CD11c-DTR mice: relatively high density near the limbus,
less dense in the middle region, and sparse in the central
corneas (Figure 1). The CD11c-stained cells were also ex-
pressing EGFP driven by a CD11c promoter in the trans-
genic mice. Virtually all CD11c-positive cells show dendritic
morphological features in unstimulated corneas.

To study DC function, systematic administration of DT
was generally used to deplete all DCs from CD11c-DTR
mice.'*32:33 |n this study, we determined if DCs can also
be depleted locally by comparing the efficiency of sys-
tematic (i.p. injection) and local (s.c. injection) adminis-
trations of DT in the cornea. Figure 2 shows that, although
i.p. injection of DT depletes DCs in both the cornea and
the spleen, s.c. injection of DT effectively ablates DCs in
the cornea and limbal region but exhibits no effects in the
spleen. DCs in the cornea are morphologically different
from those in the spleen. Examinations of CD11¢c-DTR mu-
rine corneas by slit lamp and ConfoScan 4 (NIDEK Tech-
nologies Srl, Padova, ltaly), a digital confocal scanning mi-
croscope, showed no detectable abnormality in the ocular
surface and in the morphological features between PBS-
and DT-injected corneas (data not shown). Thus, s.c. injec-
tion of DT was chosen for the study because the effects are
limited to the ocular surface.

Impaired Epithelial Wound Healing in
DC-Depleted Corneas

After having shown effective local depletion of DCs in the
cornea, we next investigated their effects on corneal ep-
ithelial wound healing. An epithelial wound was gener-
ated by epithelial debridement at the center of the cornea
using a 2-mm trephine to mark the wound size, leaving
the basement membrane intact. Fluorescein staining over
the cornea indicated the area of the cornea denuded of
epithelium (Figure 3A). The wounds were approximately
95% covered in the PBS-injected corneas, whereas 57%
still remain in DT-injected corneas (Figure 3B). To ex-
clude the effect of s.c. injected DT on wound closure, we
also used WT B6 mice injected with DT; healing rates of

Gene Forward primer

Reverse primer

B-Actin

CXCL10
sIL-1RN

5'-GACGGCCAGGTCATCACTATTG-3'
TSLP 5'-AGGCTACCCTGAAACTGAG-3'
5'-CCATCAGCACCATGAACCCAAGT-3’
5'-CCTACAGTCACCTAATCTCTCT-3’
IL-1B 5'-GGAGAAGCTGTGGACGCTA-3'

5'-AGGAAGGCTGGAAAAGAGCC-3’
5'-GGAGATTGCATGAAGGAATACC-3'
5'-CACTCCAGTTAAGGAGC-3'
5'-ATTGGTCTTCCTGGAAGTA-3’
5'-GCTGATGTACCAGTTGGGGA-3'




2246 Gao et al
AJP November 2011, Vol. 179, No. 5

CD11c

Paralimbus

Middle Region

Central Cornea

eGFP

§
e
60 pm

Mer‘ed

Figure 1. Whole mount confocal microscopy showing the distribution of intraepithelial DCs at different regions of CD11c-DTR mouse cornea. The corneas were
stained for CD11c (red) and examined for EGFP (green). Arrows indicate EGFP (bottom center panel). DC density decreases from the peripheral to the central

cornea. The figures are representative of images from six corneas (7 = 3 mice).

this control group were similar to those of CD11c-DTR
mice injected with PBS (Figure 3), suggesting that s.c. DT
has no or minimal effects on corneal epithelial wound
healing. All epithelial wounds were healed by 26 hpw in
the transgenic mice receiving a PBS injection and in the
WT B6 mice receiving a DT injection. However, in the
DC-depleted transgenic mice receiving DT, wounds were
not covered until 30 to 32 hpw. We concluded that DC
deficiency in the cornea impairs epithelial wound closure
in vivo.

DCs Migrate along the Healing Epithelium in
Injured B6 Mouse Corneas

Because epithelial debridement should remove embed-
ded DCs as well, we assessed DC migration and repopu-
lation in the healing corneas. We used EGFP and CD11c
staining to trace DCs that entered the healing corneas
(Figure 4). In PBS-injected corneas at a low magnifica-
tion, DCs were found from the leading edge to the limbal
region. At high magnification, CD11c antibody staining,
EGFP, and their merged images show dendritic morpho-

logical features. Because this region is close to the center
of the cornea, the density of DCs shown herein, com-
pared with those shown in Figure 1, was higher in the
healing corneas than that of the normal controls. In DT-
injected corneas, CD11c-positive cells were not de-
tected, suggesting that s.c. DT depletes residential DCs
and also abates potentially recruited or infiltrating DCs in
the cornea. We conclude that DCs and epithelial cells
form a migration sheet to cover the wound and that DCs
are an integrated part of the epithelial wound-healing
apparatus in the cornea.

DCs Affect the Gene Expression of the
Migrating Epithelial Sheet

After having shown the presence of DCs in migratory
epithelia, we next investigated the effects of DC depletion
on the expression of cytokines and cytokine antagonists
in healing corneal epithelia using real-time PCR (Figure
5). The RNA for PCR is prepared from scraped epithelial
sheets that contain mostly epithelial cells and embedded
DCs, assuming there is no mRNA in the nerve ends. In
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Figure 2. Confocal microscopy of corneal whole mount and spleen sections
showing depletion of DCs in CD11¢-DTR mice. CD11c-DTR mice were
injected with 100 ng of DT in 100 uL of PBS i.p. or 5 ng of DT in 5 uL of PBS
s.c., with PBS alone as the control. The corneas were excised 24 hours after
DT injections, stained with CD11c antibody, and examined with confocal
microscopy for the cornea (A, whole mount) or epifluorescence microscopy
for the spleen (B, cryostat sections). The figure is a representative of four
corneas (7 = 2 mice) per condition.

each group, naive untreated mice were used as the base
of expression. In CD11c-DTR mice, all four genes
showed a pattern of differential expression in the DC-
depleted migratory corneal epithelial sheet (Figure 5B).
Among the genes tested, CXCL10 (IP-10) exhibited the
most dramatic increase after injury, and this up-regula-
tion is attenuated by DC depletion. TSLP is an epithelial-
expressed cytokine that recruits and activates immune
cells, including DCs.?**® Its expression was increased in
migratory epithelia, and the lack of DCs reduced wound-
induced TSLP expression to a level similar to the controls.
IL-1B and its receptor antagonist, sIL-1Ra, are paired in
many tissues to control inflammation.®® Their expressions
in injured corneas were up-regulated, and DC depletion
resulted in 1.4- and 3.2-fold decreases for IL-18 and
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slL-1Ra, respectively. Intriguingly, the highest level of
slL-1Ra was found in uninjured DC-depleted corneal ep-
ithelia, in which no significant increase in IL-13 was ob-
served. To ensure that the altered gene expression in
CD11¢c-DTR mice was not due to s.c. DT, WT B6 mice
were used as the control (Figure 5A). Wounding resulted
in a similar pattern of gene expression in PBS-injected
corneas, and s.c. DT had little effects on wound-induced
expression of CXCL10, IL-1B, TSLP, and sIL-1Ra in the
corneas of B6 mice, suggesting minimal effects of s.c. DT
on normal corneal epithelial cells. Thus, we conclude that
the reduced expression of these four genes in corneal
epithelial cells is due to the lack of DCs.

The altered expressions of TSLP and CXCL10 in DC-
depleted corneas were also assessed by immunohisto-
chemistry (IHC; Figure 6). In uninjured corneas with or
without DT injections, there was negative staining for both
TSLP and CXCL10, suggesting low or no expression of
the genes. In injured corneas, TSLP was found in the cells
of the leading edge, whereas CXCL10 was found near
the leading edge, starting approximately 10 cells away
from the first cell at the tip of the leading edge in PBS-
injected corneas. On the other hand, only faint staining
was observed for both cytokines in DT-injected corneas.
These two cytokines were generally not detected in the
stroma of migratory epithelia. We concluded that healing
epithelia express cytokines that recruit and/or activate
DCs and that the presence of DCs is required for their
wound-induced cytokine expression in the cornea.

Lack of DCs Results in an Increase in Cell Death
in the Cornea

Epithelial wound closure requires cell sliding (ie, reverse
differentiation of wing cells to become basal cell like); cell
migration driven by the basal cells, especially those at
the leading edge; and proliferation distant from the lead-
ing edge to repopulate the lost cells.?™3” In previous
studies,383° delayed epithelial wound closure in diabetic
cornea was related to the increase in epithelial apoptosis
or TUNEL-positive cells. Therefore, we performed TUNEL
staining in wounded corneas. We first assessed the stro-
mal cell apoptosis at 3 hpw, when epithelial migration
had not started (Figure 7). Previous studies*®“! have
shown that epithelial scraping results in rapid apoptosis
of stromal fibroblasts. As expected, there were many
TUNEL-positive cells in the stroma of epithelium-de-
nuded corneas injected with either PBS or DT at 3 hpw. In
healing corneas, there were no TUNEL-positive cells in
the PBS-injected corneas. On the other hand, at the mi-
gratory phase (24 hpw), there were several TUNEL-positive
cells in migratory epithelia and significantly more in the
stroma. We also performed TUNEL staining of the corneas
injected with PBS or DT without wounding. At 48 hours after
injection (identical to 24 hpw), no dying cells were seen in
the stroma. However, many epithelial cells were seen at the
apical and subapical layers of the epithelium; these cells
had a flattened shape, characteristic of differentiated apical
corneal epithelial cells, were TUNEL positive, and had a
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Figure 3. Impaired corneal epithelial wound closure in DC-depleted mice. Corneal wounds were made by scraping the epithelia of CD11¢c-DTR mice s.c. injected
with PBS (DTR+PBS) or DT (DTR+DT) or WT mice s.c. injected with DT (WT+DT). Wounded corneas were stained with 0.25% fluorescein sodium immediately
after wounding (0 hpw) or at 24 hpw. A: Fluorescein staining of the original corneal epithelial wounds or at 24 hpw. The figure is representative of six corneas

per condition from three independent experiments. B: The healing rate was expressed as the mean = SD from five eyes each. *P < 0.05.

pattern similar to that observed in diabetic human and rat
(both normal and healing) corneas.®®=°

DC Depletion Disturbs Epithelial Phosphatidylinositol
3-Kinase-AKT Signaling in the Cormea

We previously showed that epidermal growth factor re-
ceptor (EGFR)-phosphatidylinositol 3-kinase-AKT plays
a pivotal role in mediating epithelial survival and wound
healing.?2:3%:3° We next investigated whether its signaling
is altered by DC depletion using IHC with anti-phosphor-
ylated-AKT antibodies (Figure 8). Although we were un-
able to detect phospho-AKT in uninjured corneas, cells at
the leading edge of migratory epithelia were strongly

CD11c eGFP

DTR+PBS

DTR+DT

stained with phospho-AKT antibody in the PBS-injected
corneas, whereas there was no phospho-AKT presence
in the DT-injected corneas. Thus, DCs influence the ep-
ithelial cell response in terms of signal transduction in
response to wounding in the cornea.

Lack of DCs Results in a Decrease in Neutrophil
Infiltration in the Stroma

Epithelial injury causes the influx of PMNs into the corneal
stroma, and PMN infiltration has been important for
proper wound healing.?* In TUNEL-staining micrographs
(Figure 7), we also noticed numerous TUNEL-positive
cells in the stroma and suspected that some of the dying

Merge

Figure 4. Whole mount confocal microscopy
showing the distribution of DCs in healing cor-
neal epithelia. Whole corneas of CD11c-DTR
mice collected 24 hpw were stained with CD11¢
antibody (Cy3, red) and examined by confocal
microscopy for EGFP. Cy3 and EGFP images
were merged. The leading edge of migrating
epithelium is marked with a white line in low-
magnification images (top panel). The middle
and bottom panels are under high magnifica-
tion. Arrowheads mark the same cell at differ-
ent magnifications. The figures are representa-
tive of three corneas per condition from two
independent experiments. No CD1lc-positive
cells can be identified in the DT-injected cornea.

60 pm
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cells might be PMNs. Thus, we next investigate if PMN
infiltration is also affected by DC depletion. As shown in
Figure 9, there were no NIMP-R14 (a PMN cell marker)
positive cells in normal uninjured corneas (without
wounding), regardless of PBS or DT injection. In the cor-
neas 24 hpw, several PMNs can be seen in the front and
around the leading edge in both DT- and PBS-injected
corneas, although fewer can be seen in DT-injected cor-
neas. In the stroma at the anterior side of PBS-injected
corneas, many NMP-R14-positive cells were found,
whereas many fewer were found in DT-injected corneas.
We conclude that DCs play a role in recruiting PMNs to
the injured corneas.

Discussion

In this study, we investigated the role of DCs in corneal
epithelial wound healing. We showed that DCs, which are

A TSLP

B cxcL1o

CXCL10 IL-1p
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Figure 5. A and B: Real-time PCR showing differ-
mDTR ential expression of CXCL10, TSLP, IL-1f3, and sIL-Ra
in DT- and PBS-injected corneas of CD11¢-DTR (B),

WDTRIFBS but not evident in WT B6 (A), mice. Corneal epithe-
BDTR+DT lial cells were scraped off of the following corneas: 1)
OPBS 24hpw unmanipulated (DTR or WT), ii) s.c. injected with

PBS (DTR+PBS or WT+PBS) or DT (DTR+DT or
WT+DT) 24 hours after injections without wound-
ing, or iii) s.c. injected with PBS or DT and then
wounded for 24 hpw (PBS 24 hpw and DT 24 hpw,
both A and B) and processed for real-time PCR anal-
ysis, as described in Materials and Methods. Each
sample was normalized with actin as the internal
control, and the results were expressed as fold in-
crease with epithelial cells from unmanipulated
CD11¢-DTR or WT mouse corneas as one. The re-
sults are the representative of two experiments, each
with three samples derived from three mice (12 = 2
corneas pooled). *P = 0.05.

ODT 24hpw

siL-1Ra TSLP

normally found in the healthy cornea and are removed by
epithelial scraping, migrate, along with healing the corneal
epithelial sheet. We demonstrated that intraepithelial DCs
can be depleted locally and that this depletion results in the
significant delay of re-epithelialization of corneal wounds in
CD11c-DTR mice. We also found that depletion of DCs
significantly attenuated the wound-induced expression of
CXCL10, TSLP, IL-1B, and IL-1Ra and the cellular localiza-
tion of TSLP and CXCL10 in healing the corneal epithelia.
Moreover, there are significantly more apoptotic cells and a
lower immunoreactivity in phospho-AKT for DT-treated cor-
neas compared with the controls. Finally, depletion of DCs
also resulted in a decrease in PMN infiltration into the heal-
ing cornea. Thus, although DCs are known for specializing
in antigen presentation, our study identifies an additional
physiological function of these cells in close interaction with
surrounding epithelial cells and in participating tissue repair
at the ocular surface.

Figure 6. IHC of TSLP and CXCL10 distributions
in DT-depleted corneas. Cryostat sections of DT-
or PBS-injected mouse corneas were immuno-
stained with antibodies against TSLP (A, green)
100um or CXCL10 (B, green) in the cornea 24 hpw with
DAPI in mounting media to illustrate nuclei
(blue). The leading edge (arrowhead) and
starting point (arrows) of elevated CXCL10 ex-
pression are shown. E, epithelium; S, stroma.
The figure is representatives of four corneas per
condition from two independent experiments.

—
100um
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CD11C-driven DTR-EGFP mice of different genetic
backgrounds have been commonly used to deplete
DCs.?2 Although most studies use system administration
of DT, which may cause mortality in DTR mice,*? the
ocular surface is unique in that a local depletion, through
s.c. injection of DT, is possible. In addition to being local,
s.c. injection has another advantage because it is a rou-
tinely used procedure in the ophthalmologist’s office,
which allows reliable delivery of the desired amount to the
ocular surface. Indeed, we showed that, although DT,
through i.p. injection, resulted in the disappearance of
DCs from both the spleen and the cornea, DT via s.c.
injection ablated DCs in the cornea only. We demonstrate
that depletion of DCs locally in the cornea significantly
affected the epithelial response to wounding, resulting in
much delayed re-epithelialization of CD11c-DTR mice
compared with PBS-injected mice or DT-injected WT B6
mice. Thus, we conclude that DCs play a role in mediat-
ing corneal epithelial wound healing.

In normal corneas, epithelial DCs are sparsely distributed
centrally and are denser in the periphery (Figure 1)."" These
cells generally do not migrate laterally in unstimulated cor-
neas or in corneas stimulated in the central region with silver
nitrate burn injury, Escherichia coli lipopolysaccharide, or
microspheres, all considered point injuries.’® Strik-

NW

PBS

DT

Figure 7. Increased cellular apoptosis in DC-
depleted corneas assessed by TUNEL staining.
CD11¢-DTR mice were injected with PBS or DT
and then subjected to epithelial debridement at
24 hours after injection. The corneas were col-
lected at 3 and 24 hpw or without wounding for
48 hours [NW (48 hpi)] and cryostat sectioned.
The sections were processed by TUNEL staining.
Photographs show merged images of TUNEL
and nuclear staining of DAPI. Arrows indicate
the wound edge. The figure is a representative
of three corneas per condition from two inde-
pendent experiments. E, epithelium; (E), epithe-
lium denuded; S, stroma.

ingly, we found that the DCs migrated toward the wound
center, along with epithelial sheets, and that the density
of DCs near the central cornea in healing corneas is
much higher than that in normal corneas. These obser-
vations raise several interesting questions regarding DC-
epithelium interaction and function in epithelial homeo-
stasis and wound healing. First, what are the sources of
DCs in the healing cornea? The stroma, which also con-
tains DCs, is an unlikely source because early stud-
ies*®** revealed that epithelial DCs migrate from the
peripheral cornea but not from the stroma. In our wound
model, the epithelium of the peripheral cornea, which has
a relatively high density of DCs, remains and is a likely
source for DCs migrating into the wound bed, although
circulating DCs, through limbal vessels infiltrating into the
injured cornea, cannot be excluded. Second, what are
the mediators of DC recruitment and/or activation in heal-
ing corneas? Recent studies*°4® in different tissues
revealed that epithelial cells are an important tissue sen-
tinel that recognize danger signals and can initiate a
rapid response to injury and other insults, including the
release of cytokines and growth factors. These epithelia-
generated mediators may work in an autocrine or para-
crine fashion to activate cells around injury sites, epithe-
lial cells, and DCs in our model. To this end, we found that

24 hpw

Figure 8. Phospho-AKT staining in the healing
corneal epithelium of DT-depleted mouse cor-
neas. Cryostat sections of PBS- or DT-injected
mouse corneas, with wounding (24 hpw) or
without wounding (NW), were immunostained
with antibody against phospho-AKT (Ser473).
Photographs show merged images of immuno-
fluorescence of phospho-AKT (red) and nuclear
staining of DAPI (blue). Arrows mark the lead-
ing edge of migration corneal epithelial cells.
The figures are representatives of four corneas
per condition from two independent experi-
ments. E, epithelium; S, stroma.



TSLP and CXCL10 are highly expressed in migrating
epithelia during wound healing.

TSLP is an epithelium-derived cytokine that strongly
activates DCs through interaction with the TSLP receptor
expressed by the DCs.*”48 CXCL10 is chemotactic for
natural killer cells, activated T cells, and DCs.*® Little
information exists on the potential role of CXCL10 and its
receptor, C-X-C chemokine receptor 3, or TSLP in wound
healing.®® Therefore, based on the data presented
herein, we propose that migratory epithelial cells, partic-
ularly those at the leading edge, activate DCs and direct
their migration/infiltration into the wound bed through the
release of TSLP and/or CXCL10. Also, TSLP is expressed
in the front of CXCL10, suggesting a role of TSLP as DCs’
chemoattractant, an unidentified function for the protein,
whereas CXCL10 may serve as a cytokine and/or chemo-
kine for the intraepithelial DCs. In addition to these two
DC-targeting cytokines, we also found elevated expres-
sions of IL-18 and its antagonist slL-1Ra. Because IL-1
is a highly active and pleiotropic pro-inflammatory cyto-
kine, its activity is tightly controlled by several naturally
occurring inhibitors, such as IL-1Ra.®® An imbalance be-
tween IL-1 and IL-1Ra has caused a variety of human
diseases, primarily of epithelial and endothelial cell ori-
gin.®' Although wound-induced expressions of both
IL-18 and IL-1Ra are attenuated by DC depletion, the
decrease in slL-1Ra is much more profound than that in
IL-18 (1.4- and 3.2-fold decreased, respectively), sug-
gesting an imbalance favoring IL-18 or inflammation in
DT-depleted healing corneas. Although the expression of
TSLP and CXCL10, assessed by real-time PCR, was con-
firmed by IHC, the expression of IL-18 and IL-1Ra was
not confirmed by IHC. Because one reference gene (ie,
actin) was used,®? further studies to confirm the expres-
sion of genes at the protein levels and to assess how this
imbalance might influence corneal tissue repair and in-
flammation are warranted. Interestingly, in DC-depleted
corneas, but not in PBS-injected CD11¢c-DTR mice or
DT-injected WT B6 mice, the highly elevated expressions
of TSLP and CXCL10 were greatly attenuated, suggest-
ing a strong positive feedback loop between epithelial
and intraepithelial DCs. To our knowledge, this is the first
report of such a system existing in mucosal epithelial
surfaces. An understanding of the feedback mechanisms
may open an avenue for studying mucosal surface ho-
meostasis and tissue repair and might lead to new tar-
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Figure 9. PMN recruitment in the healing cor-
neal epithelium of DT-depleted mouse corneas.
Cryostat sections of PBS- or DT-injected mouse
corneas were immunostained with NIMP-R14 to
detect PMNs. Photographs show merged images
of immunofluorescence of phospho-AKT (red)
and nuclear staining of DAPI (blue). Arrows
mark the leading edge of migration corneal ep-
ithelial cells. The figure is representative of three
corneas per condition from two independent
experiments. E, epithelium; S, stroma.

100 um

gets for treating wound healing-related diseases, such
as impaired diabetic wound healing and cancer metas-
tases.

The key role of intraepithelial DCs in wound response
is further illustrated by the observation that DT depletion
results in cell death in migrating epithelia, whereas none
are found in the control corneas. To our knowledge, this
is the first study identifying a role for intragpithelial DCs in
promoting epithelial survival in a mucosal tissue under
normal and pathogenic (injury) conditions. Apoptosis of
migrating epithelial cells is a surprise because wounding
activates EGFR signaling, including the EGFR—-phospha-
tidylinositol 3-kinase-AKT pathway, which prevents epi-
thelial apoptosis.?®*83° Indeed, we observed that an
elevation of phospho-AKT in migrating epithelia and DT
injection greatly reduced this elevation in healing corneal
epithelia. Lack of phospho-AKT, an anti-apoptosis and
prosurvival intracellular signaling effector, may contribute
to the TUNEL-positive cells seen in healing corneal epi-
thelia.®® Thus, intraepithelial DCs are the first immune
cells that sense cell injury, either directly, through the
recognition of danger signals [eg, extracellular ATP or
high mobility group box chromosomal protein 1 (HMGB1)
released by injured epithelial cells], or indirectly, from
signals (ie, cytokines and chemokines) emanating from
epithelia around the injury site.>4%5* Moreover, numer-
ous TUNEL-positive cells are found at the apical layers of
healed and uninjured (data not shown) corneas lacking
DCs. In normal corneas, there are no apoptotic cells
because turnover of these cells depends on the slough-
ing off of superficial cells that are carried away by tears.>®
Interestingly, the pattern of TUNEL-positive cells in DC-
depleted corneas is similar to that observed in diabetic
corneas of rats (wounded and normal) and humans.28-3°
This leads us to speculate that DCs might also be a target
of hyperglycemia and that their dysfunction after pro-
longed exposure to it may contribute to impaired wound
healing in the diabetic skin and cornea. From the current
study, it is not clear if DCs act on epithelial cells through
cell-cell contact or through the release of cytokines (eg,
IL-6) and growth factors (eg, EGFR ligands), both of
which enhance epithelial wound healing.'®2%:%¢ Taken
together, our data suggest that activated intraepithelial
DCs may secrete growth or survival factors and/or inter-
act with epithelial cells through cell-cell contact to mod-
ulate migration, proliferation, and/or survival of epithelial
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cells. These epithelial cells, in turn, produce cytokines
and chemokines, including TSLP and/or CXCL10, to fur-
ther recruit and/or activate DCs in the wounding area.
Altered cell signaling and cell survival in DC-depleted
corneas may be contributing factors for delayed epithe-
lial wound healing. These results provide strong evidence
that DCs conspire or interplay with epithelial cells to form
a functional unit for the homeostasis and wound healing
of the cornea and other tissues.

In addition to directly interacting with epithelial cells,
wound-activated DCs may indirectly contribute to the
healing process by controlling the inflammatory re-
sponse. A certain level of inflammation is required for
efficient wound healing.®”-°® Consistent with this notion,
we observed that DC depletion results in decreases in
the expression of pro-inflammatory cytokines, such as
CXCL10, TSLP, and IL-18, and in the recruitment of
PMNs in healing corneas. PMNs have entered the cor-
neal stroma shortly after epithelial injury, and their pres-
ence appears to facilitate wound closure.?*° Although
the mechanism of the action of PMNs in epithelial wound
healing is not clear, they could act as effector cells down-
stream of wound-activated DCs to influence epithelial
wound healing. A decrease in infiltrated PMNs in DC-
impaired corneas could be the result of reduced recruit-
ment and/or increased apoptosis. In the present study,
TUNEL staining revealed that, although there are no
TUNEL-positive cells in the control PBS-injected corneas,
numerous apoptotic cells are found in the stroma of heal-
ing corneas of DT-injected CD11c-DTR mice. These dy-
ing cells in the stroma are likely PMNs because the re-
populating stromal fibroblasts always lag behind
migrating epithelial sheets.®® Thus, apoptosis is likely a
contributing factor to the lack of PMNs in DC-depleted
healing corneas. Presently, it is not clear if DC depletion
also causes defects in wound-induced PMN recruitment
and/or emigration. Moreover, although this study is pri-
marily focused on intraepithelial DCs, it is plausible that
s.c. DT may also cause the depletion of stromal DCs that
have recently been shown to be morphologically and
functionally different from intragpithelial DCs.'® Neverthe-
less, our results clearly demonstrate an important regu-
latory role of DCs (intraepithelial and/or stromal) in con-
trolling the function of PMNs in the cornea. Further study
to define the roles of DC subtypes in corneal epithelial
wound healing, including the use of Langerhans cell-
specific depletion via s.c. administration of DT to Lan-
gerin DTR mice,'° is warranted.

In conclusion, our study revealed that corneal epithe-
lial cells actively participate in the regulation of DC mi-
gration, infiltration, and activation in the cornea in re-
sponse to wounding. Moreover, we identified a critical
role of DCs in mediating corneal wound healing or re-
epithelialization. These findings provide a paradigm shift
in understanding the function of DCs from the classic
view of antigen-presenting cells in the recognition of in-
fectious pathogens to partnering with epithelial cells for
tissue repair and maintenance. Our findings in the cornea
are likely applicable to other tissues, such as the skin and
airway, and other pathological conditions, such as de-
layed wound healing in the diabetic skin and cornea.
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