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Diabetic peripheral neuropathy (DPN) often leads to neurotrophic ulcerations in the cornea and skin; however, the
underlying cellular mechanisms of this complication are poorly understood. Here, we used post-wound corneal sensory
degeneration and regeneration as a model and tested the hypothesis that diabetes adversely affects DC populations and
infiltration, resulting in disrupted DC-nerve communication and DPN. In streptozotocin-induced type 1 diabetic mice, there
was a substantial reduction in sensory nerve density and the number of intraepithelial DCs in unwounded (UW) corneas.
In wounded corneas, diabetes markedly delayed sensory nerve regeneration and reduced the number of infiltrating DCs,
which were a major source of ciliary neurotrophic factor (CNTF) in the cornea. While CNTF neutralization retarded
reinnervation in normal corneas, exogenous CNTF accelerated nerve regeneration in the wounded corneas of diabetic
mice and healthy animals, in which DCs had been locally depleted. Moreover, blockade of the CNTF-specific receptor
CNTFRa induced sensory nerve degeneration and retarded regeneration in normal corneas. Soluble CNTFRax also
partially restored the branching of diabetes-suppressed sensory nerve endings and regeneration in the diabetic corneas.
Collectively, our data show that DCs mediate sensory nerve innervation and regeneration through CNTF and that
diabetes reduces DC populations in UW and wounded corneas, resulting in decreased CNTF and impaired sensory nerve
innervation and regeneration.
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Diabetic peripheral neuropathy (DPN) often leads to neurotrophic ulcerations in the cornea and skin; however, the underlying
cellular mechanisms of this complication are poorly understood. Here, we used post-wound corneal sensory degeneration and
regeneration as a model and tested the hypothesis that diabetes adversely affects DC populations and infiltration, resulting
in disrupted DC-nerve communication and DPN. In streptozotocin-induced type 1 diabetic mice, there was a substantial
reduction in sensory nerve density and the number of intraepithelial DCs in unwounded (UW) corneas. In wounded corneas,
diabetes markedly delayed sensory nerve regeneration and reduced the number of infiltrating DCs, which were a major source
of ciliary neurotrophic factor (CNTF) in the cornea. While CNTF neutralization retarded reinnervation in normal corneas,
exogenous CNTF accelerated nerve regeneration in the wounded corneas of diabetic mice and healthy animals, in which DCs
had been locally depleted. Moreover, blockade of the CNTF-specific receptor CNTFRa induced sensory nerve degeneration
and retarded regeneration in normal corneas. Soluble CNTFRa also partially restored the branching of diabetes-suppressed
sensory nerve endings and regeneration in the diabetic corneas. Collectively, our data show that DCs mediate sensory nerve
innervation and regeneration through CNTF and that diabetes reduces DC populations in UW and wounded corneas, resulting

1998

Introduction
The cornea is primarily innervated by small-diameter C-fiber sen-
sory nerves and is the most densely innervated mammalian tissue
(1). Axons from the trigeminal ganglion terminate in delicate end-
ings among the epithelial cells of the cornea (2). The sensory nerves
are responsible for the sensations of dryness, temperature, touch,
and pain and play important roles in the blink reflex, wound heal-
ing, and tear production (3). Many ocular and systemic diseases can
adversely affect corneal sensory nerves, resulting in neurotrophic
keratopathy and even severe ulceration (4-6). One of these sys-
temic diseases is diabetes mellitus (DM), which causes sensory
nerve degeneration, termed diabetic neurotrophic keratopathy
(DNK), and delayed wound healing (7-9). DNK is a complication of
DM that is difficult to manage (7, 10, 11). The mechanisms underly-
ing the pathogenesis of DNK largely remain to be determined.
Diabetic peripheral neuropathy (DPN) is a common and debil-
itating complication, with more than half of all patients develop-
ing altered sensation as a result of damage to peripheral sensory
nerves, which are known to be preferentially affected in the early
stages of diabetes (12-15). In the cornea, a decrease in the density
of sensory nerves occurs during the early stages of diabetes (8, 9,
16-18), and this nerve damage is known to be directly related to
the severity of somatic neuropathy in diabetic patients (3, 19, 20).
To date, the underlying basis for nerve damage is not well estab-
lished, although the reduction or loss of neurotrophic signals
has been implicated (21, 22). Our previous studies using rats and
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in decreased CNTF and impaired sensory nerve innervation and regeneration.

mice with streptozotocin-induced type 1 DM (STZ type 1 DM) and
rats with Goto-Kakizaki type 2 DM (GK type 2 DM) revealed that
defects in the sensory nerves contribute to DNK and delayed epi-
thelial wound healing (8, 9). The cornea is easily accessible and
has a battery of clinical noninvasive tests that can be adapted to
animal models (8, 18, 23). We and others have adapted these tests
and documented a correlation between the severity of diabetic
sensory neuropathy and the duration of diabetes in rat corneas
(8, 9,17, 18, 24). Using the cornea as the experimental model, we
sought to explore the mechanisms underlying DPN.

Neuro-immune interactions have attracted much attention
recently, and DCs are at the center of these interactions (25-29).
A 2009 study revealed that DCs were in contact with sensory
nerve endings and T cells and that nerve-contacting DCs induced
T cell proliferation in the airways of mice with allergic inflamma-
tion (30). More recently, it was reported that DCs interact with
sensory nerves during allergic airway inflammation in a calcito-
nin gene-related peptide-related (CGRP-related) manner (31).
In the cornea, an accumulation of DCs was found to be associ-
ated with nerve fiber damage of the sub-basal nerve plexus (32).
We previously showed that DCs are required for proper wound
healing in the cornea and, more recently, that DCs and sensory
nerves are structurally connected and functionally interdepen-
dent (33). While sensory nerve influences on DCs have been
documented (34-36), to date, understanding how DCs influence
sensory nerve structure and function in tissue homeostasis and
in response to environmental challenges, such as wounding and/
or diabetes, remains elusive.

In the present study, we focused on the functional interac-
tions of these 2 cells and showed that sensory nerve density and
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DC populations were dramatically decreased in DM corneas.
We also showed, for the first time to our knowledge, that ciliary
neurotrophic factor (CNTF), a major neurotrophic factor (NTF)
involved in sensory nerve survival and regeneration, originates
from DCs; a decrease in the DC population during wound healing
resulted in the reduction of tissue levels of CNTF, which in turn
hindered sensory nerve regeneration. Our results will not only
help to increase our understanding of DPN but also to potentially
identify therapeutics for the treatment of diabetic neurotrophic
ulcerations in the cornea and skin.

Results

Diabetes decreases the density of sensory nerve fibers and endings and
the number of CD11c-positive cells in corneas. Eight-week-old female
B6 mice were induced to develop diabetes using the low-dose
STZ induction protocol, with 0.1 M citrate buffer (pH 4.5) as the
control. Average blood sugar levels reached 300 dg/ml by week
2 and were 350-500 dg/ml by week 10, after completion of the
STZ regimen, while the control mice had average blood sugar lev-
els of approximately 100 dg/ml. Our previous studies showed that
at this time point or thereafter, epithelial wound healing was sig-
nificantly delayed in the corneas of STZ type 1 DM mice compared
with that seen in citrate buffer-injected normoglycemic (NL) mice
(37) (see also Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI85097DS1).

We performed whole-mount confocal microscopic (WMCM)
studies of DM and age-matched NL B6 mouse corneas to quan-
titatively determine whether diabetes adversely affects sensory
regeneration and DC infiltration during epithelial wound healing.
Figure 1 shows corneal innervation in NL and DM corneas before
and after epithelial debridement. We defined the corneal fibers as
being derived from the limbal nerve fibers and traveling through
the stroma, with at least 1 branch; endings derived from corneal
fibers were defined as the smallest unbranching fibers that run as
a group and radially toward the whorl. These endings are located
in the sub-basal nerve plexus. For unwounded (UW) corneas, 3
parameters were assessed: the total number of branches of the
major nerve fibers (arrowheads), the length of these nerve fibers
(between 2 arrows), and the density of the nerve endings at the cen-
ter of the cornea (enlarged images, middle panel) (Figure 1A). In the
UW corneas, the average length of the major nerve fibers, defined
as starting from the beginning of a corneal fiber that branched per-
pendicularly from a larger limbal nerve to the distinguishable end
of that corneal fiber, was 10,792 um * 1,214 um for NL corneas and
5,033 um * 1,002 um for DM corneas (Figure 1B); there were 28 +
7.6 branches of the major nerve fibers in NL corneas and 12 + 0.58
branches in DM corneas (Figure 1C); and the density of sensory
nerve fibers and endings at the center of the cornea, as measured
by the B-tubulin III-stained area, was 19.7% + 4% in NL corneas
and 9.1% * 0.59% in DM corneas (Figure 1D). For healing corneas,
18 and 24 hours post wounding (hpw) were chosen, since, at these
time points, the sizes of the remaining wounds were similar (Sup-
plemental Figure 1A). The percentages of areas that stained posi-
tive for B-tubulin IIT were 5.25% * 0.134% in NL corneas and 1.42%
+0.295% in DM corneas (Figure 1E). Hence, both innervation in
the UW corneas and sensory nerve regeneration in the healing cor-
neas were significantly and adversely affected by diabetes.
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The number of DCs in UW corneas was also quantitated
using WMCM (Figures 2 and 3). We identified 2 morphologi-
cally different DC populations in the UW corneas: dendriform,
the typical residential DC morphology, and round-shaped
DCs, which were differently associated with sensory nerve
fibers and endings. There were 130 * 13 and 61 * 3 intraepithe-
lial CD11c-positive DCs in NL and DM corneas, respectively
(Figure 2A), with both dendriform (arrows) and round-shaped
(arrowheads) DCs counted (bottom panels, Figure 2A and B).
While CD11c is considered the hallmark surface marker for the
identification of DCs, MHC class II is another commonly used
DC marker. To further confirm the identity of these CD1lc-
positive cells, we performed WMCM costaining of CD11lc and
MHC class II molecules and found that both types of DCs, den-
driform (arrows) and round shaped, were also MHC class II pos-
itive in NL and DM mouse corneas (Figure 2C).

We previously showed that infiltrated DCs migrate along with
the epithelial sheet to cover the wound (33). To assess the effects
of diabetes on DC infiltration into wounded corneas, CD11c and
MHC class II staining was done at 22 hpw, a time point at which
the wounds in the NL corneas were nearly healed, whereas the
wounds in the DM corneas remained relatively large (Supplemen-
tal Figure 1B). In wounded corneas, compared with UW corneas,
much higher densities of CD11c- and MHC class II-positive cells
were detected, and all CD11c- and/or MHC class II-positive cells
were round shaped. Interestingly, unlike in UW corneas, while
all CD11c-positive cells were also MHC class II positive, many
MHC class II-positive cells were CD11c negative (Figure 3A). We
detected markedly higher numbers of CD11c-positive cells in NL
healing corneas than in DM corneas and moderate, but signifi-
cant, differences in the numbers of MHC class II-positive cells
(Figure 3B). We observed a larger number of CD11c-positive cells
in NL corneas than in DM corneas 2 and 4 days post wounding
(dpw), with the total number of cells declining rapidly over time
(Supplemental Figure 2).

Nerve-DC interactions are interrupted during epithelial wound
healing in DM corneas. We next used WMCM to investigate
nerve-DC colocalization in UW and wounded corneas of NL
and DM mice (Figure 4). In the peripheral region, we observed
numerous dendriform (arrows) and round-shaped (arrow-
heads) DCs located near the limbus, with many nerve fiber
branching points in NL corneas (Figure 4A). In DM corneas, we
detected a few round-shaped and dendriform DCs from which
endings were branching.

Figure 4B shows the colocalization of sensory nerves and DCs
during epithelial wound healing. In NL healing corneas, epithelial
innervation was robust, and the regenerating nerve fibers were
frequently branching to form nerve endings. These newly grown
fibers were uniform in size and evenly distributed, with numerous
DCs in the region behind the leading edge of the migratory epi-
thelial sheets (NL1, Figure 4B). In the DM corneas, fewer nerve
insertion sites were observed near the limbus, and there was less
density of regenerating nerve fibers than that seen in the controls.
Strikingly, these nerve fibers were tortuous, discontinuous, or frag-
mented, similar to that observed in diabetic human corneas (38).
We found few DCs in the region behind the leading edge (DM1,
Figure 4B) and markedly higher numbers of DCs near the leading
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edge of the NL wounded corneas compared with that observed in
DM wounded corneas. In the NL healing corneas, we detected 1
DC in front of each growing nerve fiber/ending (NL2, Figure 4B),
whereas the growing nerve fibers of the DM healing cornea (DM2,
arrows, Figure 4B) were fewer in number and lacked nearby DCs.

We also used flow cytometry to assess the decline in the num-
ber of DCs and MHC class II-positive cells in healing corneas
(Figure 4C). In UW corneas, NL mice had 3.08% * 0.31% and DM
mice had 1.62% * 0.23% CD11c- and MHC class II-positive cells
out of the total live cell population; in healing corneas, NL mice
had 3.08% * 0.31% and DM mice had 1.62% + 0.23% CD11c- and
MHC class II-positive cells out of the total live cell population. In
both UW and healing corneas, NL mice had significantly higher
numbers of DCs than did DM mice (Figure 4D).

DCs in UW and healing corneas express CNTF. Loss of neu-
rotrophic support has been implicated in DPN (39, 40). Our ini-
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Figure 1. Quantitation of sensory nerves in UW and healing NL and DM
mouse corneas. A 2-mm epithelial debridement wound was created and
allowed to heal for 18 hours in NL corneas and for 24 hours in DM corneas,
resulting in similarly sized remaining wounds. UW and healing corneas were
stained with B-tubulin Ill Ab for sensory nerve labeling. The WMCM images
were acquired with ROl scanning of a defined area and assembled automat-
ically to show whole corneas from B6 mice (A). To quantify the innervation
in UW corneas, the major nerve fibers, defined as those that extended to

at least one-third of the corneal diameter, starting from the limbus, with or
without branches, were marked (arrows); the length was measured; and the
branches were manually counted for each marked fiber and presented as the
total length (B) and number of branches (C) per cornea. Central areas with a
swirling pattern of nerve endings (framed area “I” in A, top panel) are shown
at higher magnification (A, middle panel), and innervation was calculated
with Image] as the percentage of area positive for B-tubulin Il staining (D).
Innervation in healing corneas was also calculated as the percentage of
areas positive for B-tubulin 11l staining (E). Results are representative of 2
independent experiments (n = 3 each). **P < 0.01 and *P < 0.05, by 2-tailed,
unpaired Student’s t test. Scale bars: 125 um (A, top and bottom panels) and
25 um (A, middle panel). W, wounded.

tial screening using regular reverse transcriptase PCR (RT-PCR)
revealed that, while brain-derived neurotrophic factor (Bdnf) and
neurotrophin-3 (Nt3) were constitutively expressed, the band
intensities of nerve growth factor (Ngf) and Cnif were higher in
NL, but not DM, corneas (Supplemental Figure 3). To assess the
quantitative changes in NTF expression, we first performed gPCR
to screen for known NTFs (Figure 5A). We found that Ngf and
Cntfhad a significantly elevated expression levels in response to
wounding, and this upregulation was attenuated in the DM cor-
neas. The Cntf expression pattern was similar to that of Cdllc
mRNA expression. While NGF has been shown to be expressed
primarily in healing epithelial cells (41) and by CD11b*GR1* mye-
loid cells (42), the cells expressing CNTF in UW or wounded cor-
neas were unknown. Hence, we focused on CNTF.

DCs in UW corneas of both NL and DM mice were CNTF
positive, with faint staining (Figure 5B). In healing NL corneas,
we detected abundant numbers of CDllc-positive infiltrates;
all CD11c-positive cells were CNTF positive, while a few CNTF-
positive cells were CD11c negative (Figure 5C). In DM corneas,
the densities of both CD11c- and CNTF-positive cells were much
lower, and the majority of CD11c-positive cells, with a few excep-
tions (enlarged images [“I”], Figure 5C), were CNTF positive (Fig-
ure 5C). Cell counting revealed significant decreases in the num-
bers of CD11c- and CNTF-positive cells in DM corneas compared
with those in NL corneas (Figure 5D).

DCs mediate corneal reinnervation in a CNTF-dependent man-
ner. Having shown that DCs are the major source of CNTF and
that diabetes suppresses DC populations in UW and healing cor-
neas, we next investigated the role of CNTF in corneal epithelial
wound healing and reinnervation using CNTF-neutralizing Abs in
NL corneas (Figure 6). Neutralizing CNTF showed no effects on
epithelial wound closure (Figure 6, A and C). Compared with the
control, CNTF neutralization markedly inhibited nerve-ending
regeneration, and a near-absence of nerve endings was observed
in the treated corneas at 1 dpw (Figure 6B). The lack of nerve fiber
and ending regeneration in the presence of CNTF-neutralizing
AD could be observed out to 7 days (Supplemental Figure 4). The
extent of innervation, mostly the formation of sensory nerve end-
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ings branched from fibers, in NL corneas was significantly higher
than that in DM corneas, and CNTF neutralization had little effect
on epithelial innervation in the DM corneas (Figure 6D).

We next performed subconjunctival injection of recombinant
CNTF to determine whether replenishing CNTF accelerates sen-
sory nerve regeneration in the healing corneas of DM mice (Figure
7). Four hours before 2-mm epithelial debridement, 50 ng recom-
binant CNTF was subconjectivally injected, and nerve regenera-
tion was examined 1 dpw. A network of nerve fibers with numer-
ous nerve endings was growing from the limbal region (Figure 7A);

RESEARCH ARTICLE

Figure 2. Quantitation of DCs in UW NL and DM mouse corneas.
UW corneas were stained for CD11c and/or costained for CD11c
and MHC class Il and visualized with WMCM. (A) Whole-cornea
images were assembled from WMCM images acquired with

ROI scanning of a defined area as described in Figure 1. Two
morphologically distinctive CD11c-positive cells were detected:
dendriform (arrows) and rounded-shaped (arrowheads) DCs,
which are better illustrated in the higher-magnification bottom
panel images of the framed “I” areas in the top panel images.
Scale bars: 125 um (top panel) and 58 um (bottom panel). L,
limbus. (B) CD11c-positive cell numbers in UW corneas were
counted manually. Results are presented as the average number
of CD11c-positive cells (particles) per cornea. Three independent
experiments were performed. **P < 0.01, by 2-tailed, unpaired
Student’s t test. (C) Costaining for CD11c and MHC class Il Abs.
Two morphologically distinctive CD11c-positive cells, dendriform
(arrows) and rounded-shaped DCs (arrowheads), were observed,
and all CD11c-positive cells were also MHC class Il positive in UW
NL and DM corneas. Scale bar: 58 pm.

CNTF had minimal effects on the number of sensory
neurons regenerated in the NL corneas (Figure 7B) and
yet was likely to increase the numbers of branches near
the limbal region. While large fibers with only a few small
nerve endings were seen in the DM corneas (Figure 7C),
CNTF treatment resulted in the formation of a fiber net-
work with a higher density of nerve endings; the network,
however, did not extend as far as that of the NL corneas
(Figure 7D). We calculated the percentage of the selected
area covered by tubulin staining and found that CNTF
treatment significantly increased sensory nerve reinner-
vation in the DM corneas (Figure 7E).

CNTF/CNTFRa signaling is critical for sensory nerve
regeneration in wounded corneas. The CNTFRo subunit
provides the receptor specificity for CNTF (43). To assess
the role of CNTFRa in sensory nerve homeostasis in
UW corneas and in regeneration in wounded corneas,
we either blocked CNTFRa activity in the NL corneas
or applied soluble CNTFRa locally to the DM corneas
(Figure 8). For NL corneas, CNTFRa activity was first
blocked by subconjunctival injections of neutralizing Ab
every other day, with the first injection on day 0. These
injections consisted of neutralizing Ab in the left eye or
IgG as a control in the right eye. On day 9 (24 hours after
the fifth injection), WMCM revealed that CNTFRa neu-
tralization significantly reduced the density of sensory
nerves, mostly in the sub-basal plexus of the corneas
(Figure 8A). In wounded corneas, CNTFRa-neutralizing
AD was injected 4 hours before epithelial debridement,
and the regeneration of sensory nerves was significantly impaired
by CNTFRa neutralization at 2 dpw, as the tubulin-stained area
was reduced compared with that seen in the IgG-injected corneas.
We obtained similar results using the complementary approach of
siRNA technology to downregulate CNTFRo (Figure 8B). Long-
term CNTFRa siRNA treatment decreased sensory nerve density
and siRNA levels when injected 24 and 4 hours before wounding,
impairing nerve regeneration in the NL corneas. Hence, CNTE/
CNTFR signaling plays an important role in sensory nerve main-
tenance and regeneration.
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Soluble forms of CNTFRa have been detected in serum and
cerebrospinal fluid (44) and shown to enhance CNTF-mediated
protection against neuronal death and neurite outgrowth (45). Solu-
ble CNTFRa can reconstitute a high-affinity-type CNTFR complex
(46). Hence, we postulated that the addition of recombinant (sol-
uble) CNTFRa may increase CNTF signaling in DM corneas with
reduced CNTF levels. To test this hypothesis, we administered solu-
ble CNTFRo.to UW corneas for 10 days or prior to epithelial wound-
ing. While the presence of exogenous CNTFRa had no apparent
effect on the density of nerves in whole, UW corneas of DM miice,
its presence in the healing corneas resulted in a significant increase
in sensory nerve regeneration, with more nerve endings branching
out from small nerve fibers and extending further into the center of
the wounds in the DM corneas (Figure 8C).

CDlIc-positive cells are responsible for CNTF production in the
cornea. To determine whether CD11c-positive cells are responsible

jci.org  Volume126  Number5  May 2016
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Figure 3. Quantitation of DCs in healing NL and DM mouse
corneas. Corneas were wounded and allowed to heal for 22 hours.
Wounded corneas were stained with CD11c and MHC class Il Abs,
and whole-cornea images were generated as described in Figure

2 (A). A selected area (framed “I” area) was enlarged to show
CD11c-positive and MHC class II-positive cells and their colocaliza-
tion (bottom panel). Note: While all CD11c-positive cells were also
MHC class Il positive (yellow staining), some MHC class Il-positive
cells were CD11c negative. Scale bars: 455 um and 76.4 um (higher-
magnification panels). (B) All CD11c- and MHC class Il-positive
cells, excluding those in the densely packed area representing

the limbal region, were quantitated using the particle-counting
function in Image ). Results are presented as the average number
of CD11c- or MHC class Il-positive cells (particles) per cornea
(n=3).*P<0.01and **P < 0.01, by 2-tailed, unpaired Student’s

t test. Two independent experiments were performed.

for wound-induced production of CNTF in the cornea,
we used Tg mice that express a CDIIc promoter-driven
diphtheria toxin (DT) receptor (B6-DTR), with WT B6
mice used as controls (47). Our previously published data
showed that subconjunctival injection of DT allowed the
local depletion of corneal DCs, without affecting splenic
DCs (33) (see also supplemental Supplemental Figure 5).
DT had minimal effects on sensory nerve regeneration
in WT B6 mouse corneas, whereas DTR mice without
DT injection behaved similarly to WT B6 mice (Fig-
ure 9). While DC depletion resulted in impaired nerve
regeneration, the presence of CNTF counteracted the
adverse effect of DC depletion and resulted in a robust
sensory nerve-ending regeneration, although the end-
ings appeared to be shorter than those in the corneas of
control Tg mice without DC depletion (Figure 9A). Two-
way ANOVA revealed that exogenous CNTF restored the
impaired sensory nerve-ending regeneration to a level
similar to that seen in the controls (Figure 9B).

Discussion

We previously demonstrated that diabetes causes delayed

epithelial wound healing and impairs sensory inner-

vation in the corneas (8, 9). However, the cellular and

molecular mechanisms underlying this were not known.

In the present study, we showed that there are significant
losses of sensory nerve fibers and endings and marked decreases
in DC populations in DM mouse corneas. In NL healing corneas,
we detected a large number of infiltrated DCs that were distributed
among newly generated nerve endings. In DM healing corneas, the
numbers of DCs and regenerating nerves were greatly decreased.
Furthermore, the newly grown nerves were fewer in number and
abnormal in morphology, with a reduced DC population between
these nerves in the DM corneas. We showed that DCs are the major
source of CNTF. Moreover, whereas there were no effects on epi-
thelial wound closure, neutralizing CNTF severely impaired the
regeneration of nerve endings during the healing process. Exoge-
nous CNTF, on the other hand, had a minimal effect on NL corneal
nerve regeneration, but greatly increased nerve-ending branching
from nerve fibers in wounded DM corneas. Finally, we showed that
CNTFRais required for maintenance of the sub-basal nerve plexus
in UW corneas and for nerve regeneration in the healing corneas
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Figure 4. DCs and sensory nerve fibers and endings in healing NL and DM mouse corneas. (A) Whole-mount, UW corneas were double stained with
B-tubulin 11l and CD11c Abs. Micrographs were taken near the limbal region. Arrows indicate dendriform DCs; arrowheads indicate round-shaped DCs.
Scale bar: 150 pm. (B) Corneas were wounded as described in Figure 1. The whole cornea from the limbus (L) to the leading edge was photographed
with a x10 lens (side panels). Higher-magnification images (original magnification, x40) at the middle (white-framed area 1) and leading edge (white-
framed area 2) of healing migratory sheets are shown in the middle panels. Arrows indicate colocalization of nerve endings with a DC in NL1 cornea;
arrowheads indicate free nerve endings in DM cornea. Results are representative of 2 independent experiments (n = 3). Scale bars: 300 um (side
panels) and 30 um (middle panels). (C) Flow cytometric analyses of CD11c-positive cells in UW and wounded (W) NL and DM corneas. Five corneas
were pooled for each sample. Percentages of MHC class |- and CD11c-positive cells are shown in the flow cytometric plots. (D) Three independent
experiments were performed, and after normalization with NL UW corneas, the percentage of CD11c- and MHC class II-positive cells in all living cells
was analyzed with a 2-tailed, unpaired Student’s t test (n = 3). **P < 0.01. Comp, compensation beads.

of NL mice. More important, exogenously added soluble CNTFRa
partially restored the impaired nerve-ending regeneration seen in
DM mouse corneas. Finally, local depletion of DCs impaired sen-
sory nerve-ending regeneration, and this impairment was quan-
titatively overcome by exogenous CNTF, suggesting that CD11c-
expressing cells were responsible for CNTF production in the B6
mouse cornea. Taken together, our study reveals a critical role for

DC-nerve interactions in corneal innervation and nerve regenera-
tion and that a decrease in DC-produced CNTF is responsible, at
least in part, for the defects in sensory nerve regeneration during
epithelial wound healing in DM corneas.

Our study shows that DCs influence sensory innervation and
regeneration and demonstrate, for the first time to our knowledge,
that diabetes disrupts DC-nerve communication, resulting in

jci.org  Volume126  Number5  May 2016

2003


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/5

RESEARCH ARTICLE The Journal of Clinical Investigation

A 1 C CD11¢ CNTF Merged
451 B :
’Z“’E* mNL
4.0 1 =DM
NL 22hpw
3.5 1 W DM 22hpw

w
o
2

Fold change
%) )
o o

=
1.5 4 p=
1.0 o
0.5 4
04
Nt3 Nt4/5  Cntf Bdnf Ctgf Cdiic Ngf
B CD11c CNTF Merged
-
=
=
o
D 8009 mm N
° = DM kol
£ 6004 **
0
£
Z 4004
% -
A W 2
0= L) L]
CD11c CNTF

Figure 5. CNTF expression and colocalization with CD11c-positive cells in NL and DM corneas with or without epithelial debridement. Both NL and DM
corneas were wounded as described in Figure 1. (A) UW and healing corneas (22 hpw) were collected and processed for RT-PCR screening of neurotrophins.
Results were first normalized with B-actin levels and then compared with NL levels (value 1), presented as the fold change (n = 5). **P < 0.01and *P < 0.05,
by 2-way ANOVA with Bonferroni’s post test. (B) WMCM showing colocalization of CD11c and CNTF in UW normal and DM corneas. Note that, although faint,
CNTF red staining was also visible where CD11c-positive cells were located. Scale bar: 75 um. (€) WMCM showing CD11c and CNTF colocalization in healing
corneas of NL and DM mice. Enlarged bottom panel images (“1”) show CD11c-negative and CNTF-positive cells. L, limbal region. Scale bars: 150 um; original
magnification, x3.8 (enlarged “I" images). (D) Both CD11c- and CNTF-positive cells in the corneas were quantitated using the particle-counting function in
Image]. Results are presented as the average number of CD11c- or CNTF-positive cells (particles) in the selected area (n = 3). **P < 0.01, by 2-tailed, unpaired
Student’s t test. Two independent experiments were performed.
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impaired peripheral sensory nerve regeneration. In the cornea, a
decrease in the density of sensory nerves occurs during the early
stages of diabetes (8, 9, 16-18). On the other hand, the effects
of diabetes on DCs are less clear. We quantitated the total num-
ber of DCs in a mouse corneas and found decreased numbers of
CD1l1c-positive DC populations in UW and healing DM corneas
compared with those in NL corneas. In diabetic UW corneas, we
observed relatively fewer CD11c-positive cells, particularly those
associated with epithelium-innervating nerves near the limbal
region, compared with the numbers detected in NL corneas. This
decrease is consistent with a decrease in the density of nerve fibers
and endings. Our results differ from those reported recently by
Leppin et al., who showed that there was a substantial increase
in mature DCs colocalizing with nerve fibers in DM corneas (32).
One explanation for this difference is that, while we only stained
the cornea with CD1lc, Leppin et al. used a mix of CD11c and
MHC class II Abs, which may also stain macrophages and fibrob-
lasts in inflamed corneas (48, 49). Indeed, we observed a marked
decrease in the infiltration of CD11c-positive cells and proportion-
ally more MHC class II-positive cells than CD11c-positive cells in
DM corneas in response to wounding. In addition, our WMCM
results were verified by flow cytometry and qPCR and RT-PCR.
Moreover, our results are consistent with those of recently pub-
lished studies showing that the cutaneous density of Langerhans
cells was profoundly reduced in recently diagnosed type 2 dia-
betes (50) and that healing diabetic foot ulcers showed higher
numbers of Langerhans cells than did nonhealing ones (51). We
found that the abnormalities of sensory nerve fibers and endings
in DM corneas were more apparent when they were wounded:
the reinnervation process was markedly delayed compared with
the time required for epithelial wound closure, and substantially
fewer fibers were formed, with almost no epithelial nerve endings.
In addition, the newly formed fibers were morphologically dis-
torted. These abnormalities were associated with the substantial
decrease in DC populations in healing DM corneas. Our recently
published data showed that diabetes affects the wound-induced
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Figure 6. Effects of CNTF-neutralizing Ab on sensory nerve
reinnervation in NL and DM mouse corneas. (A) NL and DM
corneas were subconjunctivally injected with CNTF-
neutralizing Ab or IgG as the control 4 hours before epithe-
lial debridement. A 2-mm wound was made at the center of
the cornea and allowed to heal for 22 hours. The remaining
fluorescence-stained wounds were photographed. Note the
similar sizes of the wounds with or without CNTF-neutralizing
Ab treatment. (B) Regeneration of sensory nerve endings
was assessed by WMCM at 1dpw with B-tubulin Ill staining,
and the micrographs were taken near the limbal region. Note
the lack of sensory nerve endings in the CNTF-neutralizing
Ab-treated corneas. Scale bar: 91.4 um. (C) Wound-healing
rates presented as the percentage of healed cornea 22 hours
after epithelial debridement (n = 5). **P < 0.01, by 2-way
ANOVA with Bonferroni's post test. (D) Corneal innervation
was quantified as the percentage of threshold area positive
for B-tubulin Il staining in the representative confocal images
shown in B. Results are representative of 2 independent
experiments (n = 5 each). **P < 0.01, by 2-way ANOVA with
Bonferroni's post test.

expression of CXCL10 in the cornea (52). Since CXCL10 was
linked to DC mobilization in the lung (53), the suppressed expres-
sion of CXCL10 may represent an underlying mechanism for the
diabetes-driven disruption of DC infiltration. These results are
in line with our conclusion that diabetes disrupts DC-nerve com-
munication, resulting in DPN and impairment of sensory nerve
regeneration in the cornea, and suggest that DC-based cell ther-
apies have potential for the treatment of DPN in diabetic patients.
Our study is also the first to our knowledge to demonstrate
that DCs are the major source of CNTF, a NTF that is necessary
for peripheral nerve integrity and regeneration (21, 54). CNTF is a
member of the NTF family (55), and its expression in DCs has not
beenreported. In the present study, we showed that CNTF expres-
sion is induced by wounding in normal corneas and is reduced in
DM corneas. In the cornea, although CNTF has been shown to
promote nerve fiber regeneration in incited mouse corneas (56)
and is expressed in the epithelium of keratoconus corneas (57),
wound-induced CNTF expression has not been reported (58,
59). In UW corneas, CD11c-positive cells are also CNTF positive,
suggesting that through the production of CNTF, DCs may partic-
ipate in maintaining the delicate structures of sensory nerves in
the corneas. This was shown to be the case by neutralizing CNTF
or its specific receptor CNTFRa, which resulted in a decrease in
the density of sensory nerve fibers and endings and a reduction
in nerve-ending branching in UW NL corneas. By using 2 com-
plementary approaches, we showed that CNTFRa is required for
maintaining the sub-basal nerve plexus in UW corneas and for the
branching of nerve endings in wounded corneas. These data indi-
cate a critical role for CNTF/CNTFRa signaling in corneal inner-
vation. More important, replenishing CNTF or CNTFRa partially
restored reinnervation and the development of sensory nerve
endings in DM corneas. Hence, we conclude that diabetes alters
CNTF levels through the impairment of DC infiltration and that
reduced DC populations and/or decreased CNTF levels in infil-
trated DCs are responsible, at least in part, for DPN and for the
impairment of neuron regeneration in wounded corneas.
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Figure 7. CNTF-enhanced sensory nerve regeneration in DM healing corneas. Both NL (A and B) and DM (C and D) corneas were subconjunctivally injected
with 0.1% BSA as the control (A and C) or with recombinant CNTF (B and D) 4 hours before epithelial debridement. Corneas were stained with B-tubulin |11 24
hpw and examined with WMCM. Micrographs were taken near the limbal region where large nerve fibers can be seen. (E) Corneal innervation was quantified
as the percentage of threshold area positive for B-tubulin Ill signal in the representative confocal images shown in A-D. Results are representative of 2 inde-
pendent experiments (n = 5 each). **P < 0.01, DM control versus all other conditions, by 2-way ANOVA with Bonferroni’s post test. Scale bar: 91.4 um.

CNTF appeared to have no effects on corneal epithelial wound
healing in NL or DM corneas. This result contradicts a recently pub-
lished study showing that supplementing CNTF promotes diabetic
corneal epithelial wound healing, accompanied by the regeneration
of corneal nerve fibers, although no data on nerve regeneration were
shown (60). A recent study showed that CD11b-positive cells, orig-
inating from BM, secrete NGF and promote neuron regeneration in
mouse corneas that underwent excimer laser annular keratectomy
(42). It is possible that both elevated levels of NGF and CNTF are
required for proper nerve regeneration in the cornea; the lack of
either one could result in the aberrant axon sprouting we observed
in DM and/or DC-depleted corneas (Figure 9).

Another important discovery of our study is that recombi-
nant, soluble CNTFRo can restore sensory nerve integrity in UW

jci.org  Volume126  Number5  May 2016

DM corneas and reverse impaired sensory nerve regeneration in
wounded corneas. Human and mouse CNTF does not have the
capacity to induce the heterodimerization of gp130 and leukemia
inhibitory factor receptor 3 (LIFRf) and requires the formation of
a CNTF-CNTFRo dimer that recruits gp130 and LIFRp to form the
signaling complex (61). In addition to CNTFRa, CNTF can use both
the membrane-bound and the soluble human IL-6 receptor (IL-6R)
as a substitute for its cognate a receptor and thus widen the target
spectrum of CNTF binding (62). This capacity to signal through an
IL-6Ra-gp130-LIFR tripartite receptor might contribute to the side
effects observed in patients upon systemic administration of CNTF
(61, 62). In addition to CNTF, cytokine-like factor 1 (CLF1) is also
known to signal through CNTFRa-gp130-LIFRB. CLF1, however,
can activate only the tripartite CNTFR. Hence, exogenous, soluble
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Figure 8. Effects of CNTFRa on sensory nerve reinnervation in NL and DM mouse corneas. In NL mice, CNTFRa-neutralizing Abs or IgG as the control
were subconjunctivally injected 5 times each every other day for the UW corneas or once 4 hours before epithelial debridement. (A) UW corneas on day
10 and wounded corneas 2 dpw were collected, stained with B-tubulin 11l Ab for sensory nerve labeling, and examined with WMCM. Corneal innervation
was quantified as the percentage of threshold area that stained positive for B-tubulin Ill in 3 corneal confocal images. Results are representative of 2
independent experiments (n = 3 each). **P < 0.01, by 2-tailed, unpaired Student’s t test. (B) In NL mice, CNTFRa siRNA or the control, nonspecific siRNA
was subconjunctivally injected, as with the neutralizing Abs, into UW corneas, or injected twice 24 and 4 hours before epithelial debridement. Sensory
nerve innervation and regeneration were examined and the results presented for the images in B. (C) In DM mice, UW corneas were subconjunctivally
injected with recombinant CNTFRa every other day for 10 days or once 4 hours before epithelial debridement. Corneal innervation and nerve regeneration
were examined and the results presented for for the images in C. All results are representative of 2 independent experiments (n = 3 each). **P < 0.01, by
2-tailed, unpaired Student’s t test. Scale bar: 200 um.

104

—

Percentage/area

BSA CNTFRa BSA CNTFRa
uw 2 dpw

jci.org  Volume126  Number5  May 2016 2007


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/5

2008

RESEARCH ARTICLE

A B6 WT + DT
CNTF

CD11¢c-DTR + DT
BSA

BSA

B 254
(1] 20+
)
k] T _
.ué’ 154
=
3
s 104 -
o -
54
0= T T
BSA CNTF BSA CNTF BSA
B6 + DT DTR + DT DTR

CNTFR can define the receptor specificity for CNTF, control the
agonist specificity of the CNTFR signaling complex, and increase
CNTF signaling efficiency by forming more CNTF-CNTFR
dimers, which in turn more effectively recruits gp130 and LIFRB
to form the tripartite CNTFR. These underlying mechanisms give
CNTFRa the capacity to repair the impaired sensory nerve regen-
eration in DM corneas, where tissue levels of CNTF are low. Since
soluble CNTFRa can limit or eradicate the undesired side effects
of CNTF-IL-6Ra or the CLF1 tripartite CNTFR, we propose that
CNTFRa may be a valuable alternative to CNTF for the treatment
of neurodegenerative diseases such as DPN (21), diabetic retinopa-
thy (63), and age-related macular degeneration (64-66).

In summary, our data show that diabetes disrupts DC-nerve
communication in UW corneas and during wound healing,
resulting in DPN or DNK. These results suggest the potential of
DC-based cell therapy, as autologous DCs can be readily prepared
and manipulated to produce CNTF, and provide evidence for
CNTF or its specific receptor CNTFRa as a therapeutic reagent for
the treatment of DPN.

Methods

Mice. WT C57BL6 (B6) mice (8 weeks of age; 20-24 g body weight)
and CD11c-DTR (B6.FVB-Tg [Itgax-DTR/EGFP] 57Lan/]) breeding
pairs were obtained from The Jackson Laboratory. B6-DTR mice carry
a Tg encoding a simian DTR under the control of the murine Cdllc
promoter, which makes cells expressing CD11c sensitive to DT. This
allows the local depletion of DCs in the cornea (33).

B6 and B6-DTR mice were induced to develop type 1 DM accord-
ing to a low-dose STZ (50 mg STZ/kg mouse) induction mouse pro-
tocol, without fasting prior to STZ injections. Glucose levels and body
weight were monitored weekly. Animals with blood sugar levels higher
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Figure 9. Effects of exogenous CNTF on sensory
nerve regeneration in corneas with locally
depleted CD11c-positive cells. (A) CD11c-positive
cells were depleted from B6-CD11c-DTR, but not
control B6, mice, by subconjunctival injection

of DT 1 day before epithelial debridement. Four
hours before epithelial debridement, DC-depleted
and control (B6 WT mouse corneas injected with
DT and B6-CD11c-DTR mice without DT injection)
corneas were wounded and allowed to heal for
1day. Corneas were stained for sensory nerve
identification with -tubulin 11l Ab and examined
using WMCM. Note that a lack of sensory nerve
endings was apparent in CD11c-depleted corneas
without exogenous CNTF. (B) Innervation was
quantitated using Image] software, and the
results are shown as the percentage of areas
covered with CD11c staining in the images in A.
Results are presented as the mean + SD and are
representative of 2 independent experiments (n =
3 each). **P < 0.01, CD11c-depleted corneas with-
out exogenous CNTF versus all other conditions,
by 2-way ANOVA with Bonferroni’s post test.

CD11c-DTR
BSA

than 350 mg/dl were considered diabetic and were used, with age-
matched animals as controls, 10 weeks after STZ injections (8, 23, 67).
Immunostaining of whole-mount corneal tissue. To semiquantita-
tively assess the extent of corneal innervation and to quantify DCs and
other cells expressing CNTF in the corneas, WMCM was used. Corneas
excised at the indicated times (Figures 1-9) were fixed in 4% paraform-
aldehyde (Electron Microscopy Sciences) and stored at 4°C until further
processing. Whole-mount staining of DCs with anti-CD11c (clone HL3;
BD Biosciences) and/or anti-MHC class II Abs (clone NIMR-4; eBio-
science), anti-B-tubulin III Abs (clone TU]J1; Covance), and/or CNTF-
expressing cells with anti-CNTF Abs (clone R-20; Santa Cruz Biotech-
nology Inc.) was performed as previously described (9, 33). Corneal
whole mounts were examined using a Leica TCS SP2 confocal micro-
scope or a Nikon ECLIPSE 90i microscope. Whole corneal WMCM
images (Figures 1-3) were obtained using recorded images of regions of
interest (ROI) scanning and automatically assembled from the acquired
scanning images of a defined area in the TCS SP2 microscope. The
images were presented without adjusting the background. To quantify
corneal innervation, manual labeling and measurements were used in
Image] software (NIH). For UW, whole corneas, fibers that extended
from the limbus and past a distance measuring one-third of the corneal
diameter were marked; their length was measured and the branches
manually counted for each marked fiber. Innervation in a region was
calculated as the percentage of area positive for p-tubulin IIT staining
using Image]. To quantitate the number of CD11c-, MHC class II-, and/
or CNTF-positive cells, images were analyzed by threshold-based auto-
matic particle counting (http://imagej.net/Particle_Analysis).
Determination of corneal epithelial wound healing. Topical propara-
caine 0.5% (Vakorn) was applied to NL and DM mice. A 2-mm circular
wound was first demarcated with a trephine in the central cornea, and
the epithelium was then removed with a blunt scalpel blade under a dis-
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Table 1. Primers used for PCR

Gene Forward primer Reverse primer
Bdnf TIGTTTTGTGCCGTTTACCA GGTAAGAGAGCCAGCCACTG
Cntf TCATCCCAGGAAGACTTTGG ACAGAAGCAGCCATCTCGTT
Nt3 GATCCAGGCGGATATCTTGA AGCGTCTCTGTTGCCGTAGT
Ngf GACCCCACTCTCAACAGGAT ACCACAGCCACAGACATCAA
Nt4/5 CCCAAGTTGAGGGAAAACAA TCCTCCGGGAGAACTCCTAT
(ditc GCCTTTCTTCTGCTGTTGGGG CCAGGAAGGGTTGGTGGCAGC
Ctgf GCGGTGAGTCCTTCCAAAGC GTCTTCACACTGGTGCAGCC
B-Actin GACGGCCAGGTCATCACTATTG AGGAAGGCTGGAAAAGAGCC

secting microscope (Zeiss). Bacitracin ophthalmic ointment (Fougera)
was applied to the cornea after surgery to prevent infection. To docu-
ment the healing process, the remaining denuded area was visualized
with fluorescein staining, photographed, and quantitated (Adobe Pho-
toshop, version 6). The healing rate was calculated as follows: (original
wound area - current wound area) /percentage of original wound area.

Subconjunctival injection of molecular reagents. Subconjunctival injec-
tion is a routine procedure used in the ophthalmology clinic to treat ocu-
lar diseases, as it allows injected materials to slowly diffuse into the cor-
nea. The subconjunctival injection volume for mice was 5 pl at 1 site. The
injected concentration for Dharmacon siRNAs (GE Healthcare Dharma-
con) was previously determined (20 uM) (33). Dosages for neutralizing
Abs, recombinant CNTF, and CNTFRa were determined according to
the ED_, (median EDSO) provided by the supplier, and the maximal con-
centrations were chosen. Anesthetized mice were injected with 5 ul/
cornea CNTF-neutralizing Abs (AB-557-NA; R&D Systems; 100 ng/ul)
or recombinant CNTF (257-NT-010; R&D Systems; 10 ng/pl) using a
34-gauge needle and a 0.01-ml Nanofil Syringe 4-6 hours before wound-
ing, with isoform-matched IgG or BSA as controls. To determine the
function of CNTFRo, CNTFRa-neutralized Ab (clone AN-D3; Antibod-
ies Online; 100 ng/ul) or recombinant CNTFRa (558-CR; R&D Systems;
200 ng/pl) was subconjunctivally injected for 10 days every 2 days into
UW corneas or 4 hours before epithelial debridement. CNTFRa or con-
trol siRNA was subconjunctivally injected for 10 days every 2 days into
UW corneas or 24 and 4 hours beforehand into wounded corneas.

Corneal epithelial debridement wound and ocular surface staining. To
study SN regeneration, an epithelial debridement wound was created at
the center of the cornea as described previously (8, 18, 23), resulting in
the removal of epithelial nerve fibers and endings; nerve regeneration
trailed behind the healing epithelial sheet (9). The wounds were allowed
to heal for the indicated durations (Figure 6); the remaining wound was
assessed using ocular surface fluorescence staining.

RNA extraction and PCR analyses. To determine the expression of
CNTF and other neurotrophins in healing corneas, RT-PCR and gPCR
was performed. For RNA isolation from epithelial cells scraped off the
cornea, cDNA synthesis was performed using an oligo(dT) primer.
RT-PCR and qPCR with Power SYBR Green PCR Master Mix (AB
Applied Biosystems) based on f-actin expression was performed as
previously described (68). Table 1 lists the primer pairs used.

Flow cytometric analysis. Flow cytometry was used to quantitate
CD11c- and MHC class II-positive cells. Whole corneas were digested
in 20 pl Liberase TL (2.5 mg/ml; Sigma-Aldrich), followed by incu-
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bation at 37°C for 20 minutes. Cell suspensions were passed through
a 70-um filter. Viable cells were then counted using trypan blue dye
exclusion. A total of 5 corneas per group were examined. Cells were
incubated at 4°C in PBS containing 2% FBS and Fc. The cells were
subsequently labeled with Cy7-conjugated CD11c and phycoerythrin-
MHC class II (PE-MHC class II) (clones N418 and NIMR-4, respec-
tively; eBioscience) for 30 minutes in 2% FBS at 4°C in the dark. All
samples were washed and reconstituted in PBS. Flow cytometry was
performed with a FACS system (BD FACSAria II), and the data were
analyzed using FlowJo software. The numbers of CD11c- and MHC
class II-positive cells were calculated from the percentage of each cell
population and the precounted total number of viable cells.

Depletion of DCs. B6-DTR mice, with WT B6 mice as controls,
were depleted of their DCs using a subconjunctival injection of 5 ng
DT (Sigma-Aldrich) in 5 pl PBS 24 hours before wounding. Previous
studies showed complete depletion of DCs locally in the cornea (33).

Statistics. Statistical analyses were performed using GraphPad
Prism 6 (GraphPad Software). Data are presented as the mean * SD.
Experiments with only 2 treatment or condition groups were analyzed
for statistical significance using a 2-tailed, unpaired Student’s ¢ test
(Figures 1-4, Figure 5D, Figure 8, and Supplemental Figures 1 and 2).
Experiments with more than 2 groups were analyzed using data cal-
culated by 2-way ANOVA (Figure 5A and Figures 6, 7, and 9) to deter-
mine overall differences, and a Bonferroni’s post test was performed
to determine statistically significant differences between treatment
groups. Significance was accepted at a P values of less than 0.05.
Experiments were repeated at least twice to ensure reproducibility.

Study approval. The animals were housed at the Wayne State
University animal care facility, which is approved by the American
Association for Accreditation of Laboratory Animal Care. All exper-
imental and animal care protocols were approved by the IACUC of
Wayne State University. Weight and blood glucose levels were mea-
sured once a week after STZ injection. All investigations conformed to
the guidelines of the Association for Research in Vision and Ophthal-
mology (ARVO) Statement on the Use of Animals in Ophthalmic and
Vision Research, the NIH, and the Animal Investigation Committee of
Wayne State University.
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