
The American Journal of Pathology, Vol. 186, No. 6, June 2016
ajp.amjpathol.org
CELL INJURY, REPAIR, AGING, AND APOPTOSIS
Targeting Imbalance between IL-1b and IL-1
Receptor Antagonist Ameliorates Delayed

Epithelium Wound Healing in Diabetic Mouse Corneas
Chenxi Yan,*y Nan Gao,y Haijing Sun,y Jia Yin,y Patrick Lee,y Li Zhou,z Xianqun Fan,* and Fu-Shin Yuy
From the Department of Ophthalmology,* Graduate Program, Shanghai Ninth Peoples’ Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China; the Department of Ophthalmology, Kresge Eye Institute, and the Department of Anatomy and Cell Biology,y Wayne State University School
of Medicine, Detroit, Michigan; and the Department of Dermatology,z Henry Ford Immunology Program, Henry Ford Health System, Detroit, Michigan
Accepted for publication
C

h

January 19, 2016.

Address correspondence to
Fu-Shin Yu, Ph.D., Depart-
ment of Ophthalmology,
Wayne State University
School of Medicine, 4717 St.
Antoine, Room K417, Detroit,
MI 48201; or Xianqun Fan,
M.D., Ph.D., Department of
Ophthalmology, Shanghai
Ninth Peoples’ Hospital,
Shanghai Jiao Tong University
School of Medicine, 639 Zhi-
zaoju Rd, Shanghai 200011,
China. E-mail: fyu@med.
wayne.edu or fanxq@sh163.
net.
opyright ª 2016 American Society for Inve

ttp://dx.doi.org/10.1016/j.ajpath.2016.01.019
Patients with diabetes mellitus often develop corneal complications and delayed wound healing. How
diabetes might alter acute inflammatory responses to tissue injury, leading to delayed wound healing,
remains mostly elusive. Using a streptozotocin-induced type I diabetes mellitus mice and corneal
epithelium-debridement wound model, we discovered that although wounding induced marked expression
of IL-1b and the secreted form of IL-1 receptor antagonist (sIL-1Ra), diabetes suppressed the expressions
of sIL-1Ra but not IL-1b in healing epithelia and both in whole cornea. In normoglycemic mice, IL-1b or
sIL-1Ra blockade delayed wound healing and influenced each other’s expression. In diabetic mice, in
addition to delayed reepithelization, diabetes weakened phosphatidylinositol 3-kinaseeAkt signaling,
caused cell apoptosis, diminished cell proliferation, suppressed neutrophil and natural killer cell in-
filtrations, and impaired sensory nerve reinnervation in healing mouse corneas. Local administration of
recombinant IL-1Ra partially, but significantly, reversed these pathological changes in the diabetic
corneas. CXCL10 was a downstream chemokine of IL-1beIL-1Ra, and exogenous CXCL10 alleviated delayed
wound healing in the diabetic, but attenuated it in the normal corneas. In conclusion, the suppressed
early innate/inflammatory responses instigated by the imbalance between IL-1b and IL-1Ra is an
underlying cause for delayed wound healing in the diabetic corneas. Local application of IL-1Ra accel-
erates reepithelialization and may be used to treat chronic corneal and potential skin wounds of diabetic
patients. (Am J Pathol 2016, 186: 1466e1480; http://dx.doi.org/10.1016/j.ajpath.2016.01.019)
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With a rapid increase in the prevalence of diabetes mellitus
(DM), ocular complications, including retinopathy and
cataract, have become major causes of blindness in the
world. Various types of corneal disorders are also relatively
common in DM patients.1 Diabetic corneal complications,
termed diabetic keratopathy, are resistant to conventional
treatment regimens.2,3 Patients with diabetic keratopathy
usually do not have detectable symptoms; however, once the
cornea is injured, delayed epithelium-wound healing is often
observed.4 Delayed epithelial wound closure may be associ-
ated with sight-threatening complications, such as stromal
opacification, surface irregularity, and microbial keratitis.2

Like diabetic skin wounds, there is an unmet need for effec-
tive treatments of persistent wounds and ulceration in the DM
cornea. Hence, a better understanding of the mechanisms
stigative Pathology. Published by Elsevier Inc
underlying pathophysiology of delayed epithelium-wound
healing in DM tissues is needed.
Chronic low-grade inflammation has been linked to the

pathogenesis of diabetic complications. Moreover, DM pa-
tients experience simultaneous up-regulation and dysregula-
tion of both innate and adaptive immunities; a chronically
sustained low level of inflammation may blunt the sufficient
. All rights reserved.
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IL-1Ra and Diabetic Cornea Wound Healing
and timely reaction to injury and result in impaired damage
control.5e8 Numerous studies have linked the overexpression
of proinflammatory factors as an underlying cause of low-
grade inflammation.5,9,10 Among these factors, the IL-1 sub-
family of cytokines, consisting IL-1a, IL-1b, and IL-1 receptor
antagonist (IL-1Ra, encoded by gene IL1RN in the humans),
have attracted much attention because they have been impli-
cated as a cause for the pathoencodesis of both type 111,12 and
type 2 diabetes13 and linked to complications with low-grade
inflammation as a root cause.8,14 IL-1 type cytokines are
major mediators of inflammatory and innate immune re-
actions, and blockade of IL-1a and IL-1b by IL-1Ra has
demonstrated a central role of IL-1 in several human auto-
inflammatory diseases, including rheumatoid arthritis and
gout, and autoinflammatory syndromes.15,16 In the cornea,
epithelial celleproduced IL-1 was suggested to act as a master
regulator of corneal wound healing that modulates functions,
such as the expression of matrix metalloproteinases and
growth factor, and apoptosis of stromal keratocytes after
injury.17,18 Interestingly, topical application of IL-1Ra was
shown to inhibit inflammatory cell infiltration into the cornea,
but its effect on epithelial wound closure was not reported.19 In
the skin, IL-1Ra has been implicated in skin wound healing
and fibrosis, with evidence of reduced skin fibrosis after
application of anakinra, human recombinant IL-1Ra.20,21 The
role(s) of IL-1 and IL-1Ra in reepithelialization, particularly
their unbalanced production in DM tissues, remains elusive.

Corneal epithelium-debridement wounding is an ideal
model to study reepithelialization and delayed wound heal-
ing.22 Using this model, we performed a genome-wide cDNA
array analysis and observed that, although IL-1a levels were
not changed in response to wounding, the expression of IL-b
was greatly up-regulated in healing epithelia of both normal
(NL) and DM corneas. Further analysis of cDNA array data
revealed that wounding causes a moderate, but significant,
increase (1.346-fold, P Z 0.037) in NL, but a decrease
(�1.346-fold, P Z 0.024) of Il1rn in DM rat corneas,23

suggesting a diabetes-suppressed expression of IL-1Ra in
response to wounding in the cornea. We postulated that this
disturbed balance of IL-1b relative to IL-1Ra could be a
determinant factor for delayed epithelium-wound closure
observed in DM patients. Herein, we determined the
expression patterns of IL-1 members in NL and DM corneas
and their roles during diabetes-impaired epithelium-wound
healing. Moreover, we evaluated the therapeutic potential of
local application of anakinra to treat diabetic delayed wound
healing and its underlying mechanisms.

Materials and Methods

Animals and Induction of Diabetes

All investigations conformed to the regulations of the
Association for Research in Vision and Opthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research, the NIH. C57BL/6 mice were induced to develop
The American Journal of Pathology - ajp.amjpathol.org
type 1 DM according to a low-dose streptozotocin induction
protocol. Animals with blood glucose levels >350 mg/dL
were considered DM and were used for experiments, with
age-matched, NL animals as the control, at 10 weeks after
streptozotocin injection.24

Corneal Epithelial Debridement Wound Model and
Tissue Collection

Mouse corneal epithelium-debridement wounds were made as
described.24 Anesthetized mice were first demarcated with a
trephine in the central cornea (1.5 mm), and corneal epithelial
cells (CECs) were removed under a dissecting microscope.
CECs were collected by quiescent CEC debridement and by
scraping CECs that migrated into wound beds at 20 hours after
wounding (hpw).Whole corneas were dissected alongwith the
limbal region.

RNA Extraction and PCR Analysis

RNA was extracted from the collected CECs or dissected
whole corneas using an RNeasy Mini Kit (Qiagen, Valencia,
CA). cDNA was generated with an oligo (dT) primer,
followed by analysis using RT-PCR or real-time quantita-
tive PCR (qPCR) with SYBR Green (StepOnePlus; Applied
Biosystems, Carlsbad, CA), with b-actin expression as an
internal control. qPCR results were first normalized with the
levels of b-actin and then compared with the levels of NL
(value, 1), presented as fold changes.

Subconjunctival Injection of siRNAs, Neutralizing
Antibody, and Proteins

Subconjunctival injection is a routine procedure used in the
ophthalmology clinic to treat ocular diseases because it allows
injected materials to slowly diffuse into the cornea. The sub-
conjunctival injection volume formicewas 5 mL per injection.
Anesthetizedmicewere injectedwith 1mgper cornea antieIL-
1b or IgG as the control (R&D Systems, Minneapolis, MN);
proteins [anakinra, 125 ng per cornea (SOBI, Waltham, MA);
CXCL10, 250 ng per cornea (PeproTech, Rocky Hill, NJ)]
with phosphate-buffered saline containing 0.1% bovine serum
albumin as the control were injected 4 hours beforewounding.
ON-TARGETplus mouse IL-1RA and ON-TARGETplus
nontargeting pool siRNAs were purchased from Dharmacon
(Pittsburgh, PA); 20 mmol/L solutions of siRNAwere injected
twice (24 and 4 hours) before wounding.

Immunohistochemistry and in Situ Cellular Apoptosis
Assay of Mouse Corneas

Mouse eyes were enucleated, embedded in Tissue-Tek OCT
compound (Miles Inc., Elkhart, IN), frozen on dry ice,
divided into sections (6 mm thick), and mounted to
polylysine-coated glass slides (Polysciences Inc., Warring-
ton, PA). After fixation with 4% paraformaldehyde, the
1467
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cryostat sections of corneas were incubated with rabbit
primary antibody Ki-67 (Abcam) or CXCL10 (PeproTech)
as described.24 In situ apoptotic cells were detected using
apoptosis-detection kit [ApopTag plus terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining; Chemicon, Temecula, CA]. Corneal
cryostat sections were fixed and incubated with TUNEL
reagents, following the manufacturer’s direction. The
negative controls for TUNEL staining include normal
cornea section TUNEL staining, and DM healing cornea
section TUNEL staining with omitted terminal deoxy-
nucleotidyl transferase. Images were taken under confocal
microscope (SP8; Leica, Wetzlar, Germany) or under a Carl
Zeiss fluorescence microscope Axioplan 2 equipped with an
ApoTome digital (Carl Zeiss, Thornwood, NY).
Figure 1 Differential expression of IL-1 family cytokines in delayed diabetic cor
age-matched normal (NL) mice were wounded by epithelium-debridement (1.5-mm
healing samples at 20 hours after wounding (hpw). Samples were subjected to RNA
hpw visualized by fluorescein staining under slit lamp. Analysis of fluorescent-sta
Column was presented as average pixels of remaining wound areas of each group (u
(IL-1Ra)-V1 and IL-1Ra-V2 in corneal epithelia. C and D: Real-time quantitative PCR
corneas. Enzyme-linked immunosorbent assay of IL-1b (E) and IL-1Ra (F) in corneal
were made between two conditions, NL 20 and DM 20 (unpaired t-test). Comparison
Two independent experiments were performed. Data are given as means� SEM (A an
UD, undectable.
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Protein Extraction, ELISA, Western Blot Analysis, and
Protein Array

CECs or whole corneas were collected and homogenized in
radioimmunoprecipitation assay buffer. Protein concentration
was determined by protein assay kit (Thermo,Waltham, MA).
Enzyme-linked immunosorbent assay (ELISA; mouse IL-1b,
IL-1Ra, and CXCL10) and protein array were performed
following manufacturer’s protocols (R&D Systems). For the
protein array assay, each membrane was probed with 200 mg
corneal proteins (extracted from five corneas). Western blot
analysis with Phospho-Akt and Akt antibodies (Cell Signaling
Technology, Danvers, MA) was performed as described.25

Membranes were imaged for different exposure times using
Kodak Imaging Station 4000R Pro (Rochester, NY).
neal wound healing. Streptozotocin (STZ)-induced diabetes mellitus (DM) and
diameter). Conditions were as such, NL and DM unwound samples, NL and DM
isolation and protein extraction. A: The original and remaining wounds at 20
ined areas (Adobe Photoshop software version CS6; Adobe, San Jose, CA).
npaired t-test). B: Regular PCR analysis of IL-1b and IL-1 receptor antagonist
analysis of IL-1b and IL-1Ra-V1 and IL-1Ra-V2 in corneal epithelia and whole
epithelia and IL-1b (G) and IL-1Ra (H) in whole corneas. Comparison of IL-1b
of IL-1Ra were made among four conditions (one-way analysis of variance).
d CeH). nZ 5 (A); nZ 3 (CeH). *P< 0.05, **P< 0.01, and ***P< 0.001.
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Whole Mount Confocal Microscopy

Enucleated mouse eyes from euthanized animals were pro-
cessed, and whole corneas were stained for whole mount
confocal microscopy, as described in our early studies.26 For
staining of neutrophils or natural killer (NK) cells, fluorescein
isothiocyanate conjugated antibodies (5 mg/mL) of NIMP-R14
(Hycult Biotech, Plymouth Meeting, PA) or NK1.1
(eBioscience, San Diego, CA) were incubated with the cornea,
respectively. For nerve staining, an additional 2-day per-
meabilization was performed before incubation with TUJ1
antibody (2 mg/mL; Covance Research, Princeton, NJ).27

The stained tissues were coverslipped with mounting me-
dium (H1000; Vector Laboratories, Burlingame, CA) and
examined under a confocal microscope (SP8; Leica).
Images were analyzed by ImageJ version 1.48v (NIH,
Bethesda, MD). To quantitate cell numbers, images were
analyzed by threshold-based automatic particle counting.28

To calculate the percentile of nerve coverage in each cornea,
images were adjusted with a threshold, analyzed as particle
(show mask), then analyzed by percentage area.

Statistical Analysis

Data were presented as means � SD. Statistical differences
among three or more groups were first identified using one-
way analysis of variance, followed by t-test for pair-wise
comparison. The error bars represent SEM; differences
were considered statistically significant at P < 0.05.

Results

Delayed Epithelium-Wound Healing and Differential
Expression of IL-1 Family Cytokines in Diabetic Corneas

Our cDNA array data showed that IL-1a levels are not
significantly changed and IL-1b levels are increased greatly in
healing rat CECs, whereas the levels of IL-1Ra are increased
moderately and significantly (1.35, P Z 0.034) in NL, but
decreased (�1.39, PZ 0.021) in DM rat corneas, giving 1.71-
fold decrease (P Z 0.0017) in DM healing CECs compared
with the normal CECs.23 Using a streptozotocin mouse model,
which showed delayed epithelium-wound closure (Figure 1A),
we surveyed the expression of IL-1b and IL-1Ra in the
mouse corneas. There are three alternatively spliced Il1rn
Table 1 Primers for PCR

Primer name Forward primer

b-Actin 50-AGCCATGTACGTAGCCATCC-30

IL-1b 50-GGAGAAGCTGTGGACGCTA-30

IL-1Ra-V1 50-CTGGAGTGAGACGTTGGAAGG-3
IL-1Ra-V2 50-GGGACCCTACAGTCACCTAA-30

Cxcl5 50-TGCCCTACGGTGGAAGTCAT-30

Ccl5 50-TGCTCCAATCTTGCAGTCGT-30

Cxcl10 50-CCATCAGCACCATGAACCCAAGT

Ccl, chemokine ligand; IL-1Ra, IL-1 receptor antagonist.

The American Journal of Pathology - ajp.amjpathol.org
mRNAs with variant 3 (V3) untranslated29; we, therefore,
designed primers to amplify IL-1Ra-V1 (encoding intracel-
lular, icIL1Ra) and IL-1Ra-V2 (encoding secreted, sIL1Ra)
(Table 1). In unwounded corneas, although IL-1Ra-V1 was
constitutively expressed in NL and DM CECs, IL-1b and
IL-1Ra-V2 were undetectable by RT-PCR up to 30 cycles of
amplification (Figure 1B); however, a visible band was seen
when 35 cycles of amplification were performed for both
genes (data not shown).

Wounding induced IL-1b and IL-1Ra-V2 expression and
enhanced IL-1Ra-V1 expression at the mRNA levels, whereas
diabetes down-regulated the wound-induced expression of
IL-1Ra-V2 and to a lesser extent IL-1Ra-V1, but not IL-1b.
Using relative qPCR, we found that wounding induced 11.14-,
2.60-, and 51.66-fold increases of IL-1b, IL-1Ra-V1, and
IL-1Ra-V2, respectively, in normal CECs, and diabetes sup-
pressed the wound-induced expression of IL-1Ra-V1 by 30%
and IL-1Ra-V2 by 3.78-fold, respectively, without affecting
IL-1b expression (Figure 1C). In the whole corneas, similar
expression patterns were observed for IL-1Ra-V1 and IL-1Ra-
V2. On the other hand, the levels of Il1b were markedly higher
in wounded cornea of NL mice (33.77-fold increase); the
wound-induced expressions were greatly suppressed by dia-
betes (declined to 6.345-fold increase over the control)
(Figure 1D).

At the protein levels, IL-1b concentrations in un-
wounded CECs were lower than the detectable range of
the ELISA kit, and were approximately 0.5 pg/mg of
healing CECs of both NL and DM corneas (Figure 1E).
Unlike IL-1b, relatively high levels of IL-1Ra, presumably
icIL-1Ra because of low levels of IL-1Ra-V2 mRNA,
were detected in unwounded CECs of both normal and
diabetic corneas; a significant increase in the IL-1Ra
concentration was observed in the healing CECs of the
NL, but not DM corneas (Figure 1F). In the whole cornea,
much higher levels of IL-1b (2.1 pg/mg) were detected in
healing corneas than that in CEC extract. Remarkably, the
level of IL-1b in the healing corneas of NL was markedly
higher than that of DM mice (Figure 1G); this great in-
crease in NL, but not DM, healing corneas may be related
to the infiltration of large amounts of Il1b-expressing cells
in 18 hpw NL, but not DM corneas (Supplemental
Figure S1). Moreover, the overall levels of IL-1Ra in
unwounded corneas were lower than that in CECs of both
NL and DM mice. Wounding markedly elevated the levels
Reverse primer

50-CTCTCAGCTGTGGTGGTGAA-30

50-GCTGATGTACCAGTTGGGGA-30
0 50-CATCTTGCAGGGTCTTTTCCC-30

50-GGTCCTTGTAAGTACCCAGCA-30

50-AGCTTTCTTTTTGTCACTGCCC-30

50-TCTTCTCTGGGTTGGCACAC-30

-30 50-CACTCCAGTTAAGGAGC-30
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Figure 2 Altering IL-1 signaling in normal healing cornea affects corneal epithelial wound healing rate and gene expression in corneal epithelial cells. A:
Normal (NL) mice were subconjunctivally injected with 5 mL IgG (200 ng/mL), left eyes, and IL-1b neutralizing antibody (200 ng/mL), right eyes, once at �4
hours, or injected with non-specific control siRNA (20 mmol/L), left eyes, and IL-1 receptor antagonist (IL-1Ra)especific siRNA (20 mmol/L), right eyes, twice
at �24 and then �4 hours. Epithelial samples for each condition were collected. Representative images of wounds at 20 hours after wounding (hpw). B:
Remaining wounds were calculated and analyzed with paired t-test. C: Enzyme-linked immunosorbent assay confirmation of siRNA knockdown of IL-1Ra (all
isoforms) on the protein level, analyzed with one-way analysis of variance. Expressions of IL-1b (D), IL-1Ra-V1 (E), and IL-1Ra-V2 (F) in naïve (NL), IgG
control (IgG), mouse IL-1b neutralizing antibody (a-Ib) treated, control, non-specific siRNA (CTsiR), and IL-1Ra siRNA (si1Ra) treated corneal epithelial cells
(CECs) assessed by real-time quantitative PCR and analyzed with one-way analysis of variance. Data are given as means � SEM (B and DeF). n Z 5 (B); nZ 3
(DeF). *P < 0.05, **P < 0.01, and ***P < 0.001.

Yan et al
of IL-1Ra in NL and slightly in DM corneas (Figure 1H).
Although the total levels of IL-1Ra increased 50% in
epithelial cells and approximately onefold in the whole
corneas, the levels of sIL-1Ra transcribed from IL1-Ra-V2
mRNA could be greatly elevated in NL, but not DM,
healing corneas. This difference in IL1-Ra-V2 mRNA
transcription between NL and DM healing corneas resulted
in an increase in the ratio of IL-1b versus sIL-1Ra in the
extracellular milieu of DM corneal epithelia.

Role of IL-1 Signaling in Regulating Corneal
Epithelium-Wound Healing in Normal Mice

To test the hypothesis that early and robust induction of
IL-1b is required for initiating proper response to wounding
in NL corneas, IL-1b neutralizing antibody was subcon-
junctivally injected before epithelium-debridement. Compared
with the controls, the presence of IL-1b neutralizing antibody
significantly delayed corneal epithelium-wound closure
1470
(Figure 2, A and B).We then performed siRNA knockdown of
IL-1Ra via subconjunctival injection30 in NL mice. IL-1Ra
knockdown resulted in much-delayed wound healing
compared with control siRNA-treated mice. Figure 2C shows
successful down-regulation of wound-induced expression of
IL-1Ra protein.
Using qPCR, we assessed the expression of IL-1b

and IL-1Ra under these four conditions with NL corneas as
the control. Although IL-1b blockade had no effects on
wound-induced IL-1b expression (Figure 2D), IL-1Ra
knockdown resulted in a significant decrease in IL-1b
expression (Figure 2, E and F). As for IL-1Ra-V1,
wounding-induced expression (approximately fivefold)
was suppressed by the down-regulation of IL-1b or IL-
1Ra. Epithelium wounding induced robust expression of
IL-1Ra-V2, which was moderately inhibited by IL-1b
neutralization and markedly, as expected from the effects
of siRNA, by IL-1Ra siRNA at the mRNA levels
(Figure 2F).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Effects of exogenous IL-1 receptor antagonist (IL-1Ra) on diabetic epithelial wound healing rate, proliferation, and phosphatidylinositol 3-kinase
(PI3K)-Akt activation. A: Normal (NL) mice were injected subconjunctivally with 5 mL phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin
(BSA), diabetes mellitus (DM) mice were subconjunctivally injected with 5 mL PBS containing 0.1% BSA, left eyes, or IL-1Ra (25 ng/mL, diluted from anakinra
injection solution), right eyes, 4 hours before epithelium debridement. Corneas were imaged at 20 hours after wounding (hpw), and the wound sizes were
calculated and results were presented as the mean of the remaining wound area. B: Proliferation assay via immunofluorescence staining for Ki-67. Staining was
quantitated by calculating the area covered with green in each image (showing cornea from limbal region to epithelial leading edge) using ImageJ version 1.48v.
The result was presented as relative fluorescence with the value derived from NL healing corneal sections as 1. Arrows indicate the leading edge of healing
epithelium. Areas marked with asterisks are shown at higher magnification to the right. Two independent experiments were performed. C:Western blot analysis of
phospho-Akt (pAkt) with Akt as the internal control. The intensity of each band was digitized by ImageJ, and ratio of pAkt/Akt was calculated and presented. Data
are given as means � SEM (A and B). nZ 5 (A); nZ 3 (B). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance).

IL-1Ra and Diabetic Cornea Wound Healing
Exogenous IL-1Ra Accelerates Wound Healing and
Restores the Wound Response in Diabetic Corneas

To determine whether replenishing IL-1Ra improves wound
responses in the DM corneas, we applied 125 ng anakinra in
5 mL to each cornea subconjunctivally and observed signifi-
cantly accelerated wound closure in the DM (Figure 3A), but
not NL corneas (Supplemental Figure S2).

To assess cell proliferation (Figure 3B), Ki-67 immuno-
staining was performed, and positive cells were seen in the
stratified healing epithelium and abundantly in the limbal
region of NL cornea. In the diabetic untreated cornea,
only few Ki-67epositive cells were seen in a region near
the limbus. In the diabetic IL-1Raetreated cornea,
Ki-67epositive cells were more numerous than in the dia-
betic untreated cornea, and were fewer than in the NL
cornea.
The American Journal of Pathology - ajp.amjpathol.org
The phosphatidylinositol 3-kinase (PI3K)eAkt pathway
is known to regulate cell survival and is defective in diabetic
corneas.25 Western blot analysis (Figure 3C) revealed that at
1 and 2 hpw, wounding increased phosphorylated-Akt in the
NL and to a lesser extent in the DM cornea, the presence of
IL-1Ra restored the intensity of phosphorylated-Akt to a
level similar to the NL corneas. However, at 4 hpw,
phosphorylated-Akt remained high in NL corneas, whereas
it substantially declined to the basal levels in DM corneas
with or without IL-1Ra treatment.

We previously observed TUNEL-positive cells in station-
ary and healing epithelia of DM, but not nondiabetic, rat and
human corneas.25 To assess the effects of sIL-1Ra on the
reverse of cell apoptosis in diabetic corneas, we performed
TUNEL staining (Figure 4A). Two negative controls, con-
sisting of TUNEL-stained normal unwounded corneal sec-
tions, and wounded DM corneal sections TUNEL-stained
1471
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Figure 4 Effects of exogenous IL-1 receptor antagonist (IL-1Ra) on apoptosis of diabetic corneas. Cell apoptosis in healing corneas was assessed using in
situ terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining with DAPI counterstaining. A: Low magnification showing from
limbal region (L) to the leading edge (arrows). B: Negative controls: Normal cornea section stained with TUNEL staining and healing diabetes mellitus (DM)
cornea stained with TUNEL staining omits terminal deoxynucleotidyl transferase with DAPI counterstaining. C: Staining was quantitated by calculating the area
covered with green in each image using ImageJ version 1.48v. The result was presented as relative fluorescence with the value derived from normal (NL)
healing corneal sections as 1. D: Amplified images of the leading edges (arrows) and limbal regions (L) shown in A. Arrows indicate the leading edge of
healing epithelium; arrowheads, TUNEL-positive endothelial cells (A and D). Data are given as means � SEM (C). nZ 5 (C). *P < 0.05, **P < 0.01, and ***P
< 0.001 (one-way analysis of variance). Original magnification, �20 (D). BSA, bovine serum albumin.

Yan et al
without terminal deoxynucleotidyl transferase in the labeling
mix, had no detectable fluorescence (Figure 4B). Analysis of
the area covered with fluorescence in the entire region
revealed significant increases in the amount of fluorescent
staining between normal and diabetic corneas and its marked
reversal by IL-1Ra treatment in the diabetic corneas (Figure 4,
A and C). There were no TUNEL-positive CECs from the
limbus to the leading edge in healing epithelium of the NL
cornea (NL bovine serum albumin); there were, however, a
few infiltrated cells in the stroma and several of what appeared
to be endothelial cells that were TUNEL positive (Figure 4,
A and D). In DM corneas (DM bovine serum albumin),
numerous TUNEL-positive epithelial and stromal-infiltrating
cells were detected around the leading edge and in the
1472
denuded stroma. IL-1Ra (DM IL-1Ra) greatly reduced, but not
entirely eliminated, TUNEL-positive cells in the migratory
epithelial sheet and in the stroma near the leading edge of the
DM corneas (Figure 4A). The differences in the number of
TUNEL-positive cells among NL, DM untreated, and DM
treated corneas were apparent, with high-magnification images
showing the leading edges and the limbal regions (Figure 4D).
Unexpectedly, there were two in normal, two in IL-1Rae

treated, and many TUNEL-positive endothelial cells in dia-
betic, untreated corneal sections (Figure 4, A and D). The fact
that these TUNEL-positive cells morphologically differed
from other endothelial cells (thicker, but shorter) in NL and IL-
1RaetreatedDMcorneas, and that the TUNEL staining did not
exactly match with DAPI staining of the nuclei in the diabetic
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Effects of exogenous IL-1 receptor antagonist (IL-1Ra) on the infiltration of neutrophils and natural killer (NK) cells in diabetic healing corneas.
A: Infiltrating neutrophils stained by NIMP-R14. B: Infiltrating NK (T) cells stained by NK1.1. Corneas were whole mount stained and imaged under a confocal
microscope using Stage Scanning Program (SP8; Leica). Representative whole cornea images for each condition (top panels), high-magnification images for
areas denoted by boxed areas (middle panels), and the cell number analysis resulted from cells per particle calculation of whole cornea images excluding
outer one fifth (densely packed area representing the limbal region) (bottom panels) by ImageJ version 1.48v. The results were presented as the average
numbers of NIMP-R14 or NK1.1 positive cells per particle per cornea. Two independent experiments were performed. Data are given as means � SEM. n Z 3
(A and B). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance). BSA, bovine serum albumin; DM, diabetes mellitus; NL, normal.

IL-1Ra and Diabetic Cornea Wound Healing
untreated corneas suggests potential false-positive staining of
some endothelial cells in injured mouse corneas.

Effects of IL-1Ra on the Infiltration of Neutrophils and
NK Cells

Neutrophils31 and NK cells32 have been shown to play a
role in corneal epithelium-wound healing, stromal remold-
ing, and nerve regeneration. We next investigated whether
their infiltrations were altered in DM healing corneas
and the effects of IL-1Ra herein. Whole mount confocal
microscopy revealed that at the leading edge, there were
large amounts of NIMP-R14epositive cells in NL corneas,
The American Journal of Pathology - ajp.amjpathol.org
whereas significantly less in DM corneas. Presence of
IL-1Ra resulted in a marked increase in the infiltration in
neutrophils, particularly near the leading edge (Figure 5A).
Similar patterns of infiltration and distribution of NK1.1-
positive cells were also observed (Figure 5B).

Role of IL-1Ra in Corneal Innervation and Nerve
Regeneration after Wounding

We previously observed a reduced corneal sensitivity and
innervation, and more important delayed reinnervation, after
epithelial injury in DM animals.26,27 Herein, we determined
the role of IL-1Ra in corneal sensory nerve regeneration
1473
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Figure 6 Effects of IL-1 receptor antagonist
(IL-1Ra) on corneal nerve regeneration in healing
corneas. A: Normal (NL) corneas pretreated with
control, left eyes, and IL-1Ra siRNA, right eyes. B:
Diabetes mellitus (DM) corneas pretreated with
phosphate-buffered saline (PBS) containing 0.1%
bovine serum albumin (BSA), left eyes, and IL-1Ra
recombinant protein, right eyes. Whole corneas of
each condition were collected at indicated time
points and whole mount stained for b-tubulin 3.
Whole cornea images for each condition (top
panels), high-magnification images for areas
denoted by boxed areas (middle panels), and
analysis of percentile of nerve coverage (bottom
panels). The areas of cornea covered with staining
were measured using ImageJ version 1.48v and
presented as mean of percentage covered.
Two independent experiments were performed.
Data are given as means � SEM. n Z 3 (A and B).
*P < 0.05, **P < 0.01 (paired t-test). CT, control;
hpw, hours after wounding.
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using the total area covered by the nerve staining as the
parameter. In NL corneas, IL-1Ra siRNA significantly
reduced corneal innervation in the post-wounded cornea
(Figure 6A). For DM corneas, exogenous IL-1Ra signifi-
cantly enhanced nerve regeneration (Figure 6B). The effects
of IL-1Ra knockdown in the NL cornea were the lack of
sensory nerve ending sprouting near the limbal region and
the disorientation of nerve endings. In the DM cornea,
presence of exogenous IL-1Ra mostly increased the density
of nerve endings and the length of the newly formed nerve
ending; the latter, however, may be related to the increased
rate of epithelial wound closure.

Effects of IL-1Ra on the Expression of Cytokines and
Chemokines

Given the essential role of IL-1 signaling in inflammation and
the chronic low-grade inflammatory nature of diabetes, we
next determined the effects of IL-1Ra on the expression of
cytokines in response to epithelial wounding, andwe assessed
the expressions of 111 cytokines, chemokines, and growth
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factors using a Proteome Profiler Mouse XL Cytokine Array
Kit (R&D Systems). Among the 111 genes, Cxcl10, Cxcl5,
andCcl5 exhibited awound-induced and diabetes-suppressed
expression in the healing corneas. IL-1Ra partially restored
the diabetes-suppressed expressions of these three genes at the
protein level (Figure 7A). To confirm the cytokine array re-
sults, qPCR with unwounded NL and DM corneas as the
controls was performed. Although no differences were
observed in unwoundedNL andDMCECs, the expressions of
CXCL10, CXCl5, and chemokine ligand (CCL) 5 were
elevated to different extents, and these elevations were sup-
pressed by diabetes but restored by the IL-1Ra treatment in the
diabetic corneas (Figure 7B).
Differential Roles of CXCL10, an IL-1beIL-1Rae
Mediated Chemokine, in Corneal Epithelial Wound
Healing of the Normal and Diabetic Mouse Corneas

Figure 7C shows the verification of CXCL10 expression
pattern using ELISA with mouse CEC extracts. In NL
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Exogenous IL-1 receptor antagonist (IL-1Ra) partially rescues suppressed expression of CXCL10, CXCL5, and chemokine ligand (CCL) 5 in healing
diabetes mellitus (DM) corneas. A: Protein array analysis reveals the effect of exogenous IL-1Ra on cytokine/chemokine expression. Selected images for
CXCL10, CXCL5, and CCL5 with Western blot analysis of actin as the loading control are shown. B: Real-time quantitative PCR analysis of Cxcl10, Cxcl5, and Ccl5
in CECs. C: Enzyme-linked immunosorbent assay of CXCL10 in corneal epithelial cells. D: Immunofluorescence staining of CXCL10 in corneal frozen
sections (6 mm thick). Arrows indicate epithelial leading edge. Two independent experiments were performed. Data are given as means � SEM (B and C).
n Z 3 (B and C). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance). BSA, bovine serum albumin; NL, normal.
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CECs, CXCL10 was greatly induced by wounding; this
elevation was totally suppressed in the DM corneas, and
restored partially by IL-1Ra treatment. At the tissue levels,
CXCL10 staining was intensive at the leading edge of
healing epithelium of the NL cornea; its intensity was much
less in the DM cornea and restored somewhat by supplying
IL-1Ra to the DM corneas (Figure 7D). To test the role of
CXCL10 in mediating epithelium-wound healing, we
applied 250 ng CXCL10 per cornea (Figure 8A). Although
exogenous CXCL10 delayed wound closure in NL corneas,
its presence significantly accelerated wound closure in the
DM corneas (Figure 8B).
Discussion

In this study, we systematically analyzed the expression and
the role of IL-1b and IL-1Ra in corneal wound healing in
The American Journal of Pathology - ajp.amjpathol.org
NL and DM mice. We showed that wounding induced a
marked up-regulation of IL-1Ra and IL-1b in the healing
epithelia. More important, for the first time, we showed that
diabetes greatly suppressed the wound-induced expression
of IL-1Ra, but not epithelium-expressed IL-1b, resulting in
an increase in the ratio of IL-1b/sIL-1Ra in healing CECs.
Surprisingly, at the tissue levels, more IL-1b promoter
activity was observed in NL than that in DM corneas during
and after wound closure. Blockade of IL-1b or IL-1Ra in
NL corneas resulted in delayed wound healing. Moreover,
exogenous IL-1Ra, functioning as sIL-1Ra, accelerated
delayed wound closure, increased proliferation, restored
suppressed Akt phosphorylation/activation, and decreased
apoptosis in healing DM corneas. IL-1Ra also increased
neutrophils and NK cell infiltration, accelerated delayed
sensory nerve regeneration, and restored to the certain
extent the diabetes-suppressed expression of CXCL10.
Functionally, the same dosage of CXCL10 attenuated in the
1475
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Figure 8 Role of CXCL10 in mediating epithelial wound healing. A:
Normal (NL) mice were injected subconjunctivally with 5 mL phosphate-
buffered saline (PBS) containing 0.1% bovine serum albumin (BSA), left
eyes, and CXC10 recombinant protein (50 ng/mL), right eyes, and diabetes
mellitus (DM) mice were subconjunctivally injected with 5 mL PBS con-
taining 0.1% BSA, left eyes, and CXCL10 recombinant protein (50 ng/mL),
right eyes, 4 hours before epithelium debridement. Wounds were fluores-
cence stained, and imaged at 20 hours after wounding (hpw). B: The
remaining wound areas were measured and presented. Two independent
experiments were performed. Data are given as means � SEM (B). n Z 5
(B). **P < 0.01 (paired t-test).

Yan et al
NL and yet enhanced wound closure in DM corneas. Taken
together, disturbed IL-1R signaling in DM CECs had adverse
effects at multiple levels, including the suppression of proin-
flammatory cytokine/chemokine expression and immune cell
infiltration, resulting in a decrease in overall early inflamma-
tory response to wounding in the DM mouse corneas
(Figure 9).

Because of their profound effects on inflammatory/immune
responses, the expression and activation of the IL-1 subfamily
members are under stringent regulation.33 Our study revealed
several interesting observations regarding the expression of
IL-1b and IL-1Ra: i) Because a low level of the IL-1Ra variant
2 mRNA was detected in the naive corneas, IL-1Ra molecules
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present in unwounded CECs or corneas are likely to be icIL-
1Ra1, consistent with the fact that this isoform is constitu-
tively expressed in epithelial cells.34 icIL-1Ra may not act
to alter IL-1R mediated signaling,35 but target intracellular,
pro-IL-1a36e38 (Figure 9). ii) Wounding induced a robust
expression of IL-1Ra-V2, but only moderate up-regulation of
IL-1Ra-V1, suggesting that a large portion of the elevated
levels of IL-1Ra detected by ELISA is transcribed from
IL-1Ra-V2 to generate sIL-1Ra. Because the products of
IL-1Ra-V1 are intracellular proteins, the increase of sIL-1Ra
in the extracellular milieu of healing corneas should be sub-
stantial and sufficient to balance the elevated expression of
IL-1b. iii) The dramatic decrease in the amount of IL-1Ra-V2
transcripts, compared with that of IL-1Ra-V1 and IL-1b, was
observed in diabetic healing CECs. The decrease of IL-1Ra to a
level similar to unwounded corneas suggests a great reduction
of sIL-1Ra in diabetic healing epithelia, thus resulting in a great
increase in the ratio of IL-1b/sIL-1Ra in healing epithelial
sheet. The balanced production of IL-1b and its natural, spe-
cific inhibitor, sIL-1Ra, plays an important role in tissue
homeostasis and in the susceptibility to and severity of many
human diseases.39,40 Wounding can initially induce IL-1b
expression by endogenous danger signals or alarmins released
from injured cells that can stimulate Toll-like receptors to
induce IL-1b synthesis,41,42 as well as epidermal growth factor
receptor activation.43 IL-1b, in turn, induces specifically the
expressions of IL-1b and sIL-1Ra, as shown in cultured human
endometrial stromal cells.44 In diabetic tissues, such as the
cornea, impairment of PI3K and ATK signaling, because of
impaired epidermal growth factor receptor signaling,25 may
differentially affect sIL-1Ra production, as shown in human
monocytes,45 resulting in an imbalance of IL-1b and sIL-1Ra,
leading to delayed epithelial wound healing (Figure 9).
At the tissue level, the levels of IL-1b, recognized as the

gatekeeper of inflammation,46 were much lower in DM than
that in NL corneas during wound healing. This extra amount
of IL-1b molecules in normal wounded corneas or the lack
of them in diabetic healing corneas may be related to the
great number of IL-1bedriven green fluorescent proteine
positive cells in normal, but not diabetic, corneas at 18 hpw
(Supplemental Figure S1).
Although most studies focused on the proinflammatory

and autoimmune aspects of IL-1b,47,48 our study revealed
that IL-1b activity is required for proper wound healing
because IL-1b neutralization antibodies attenuated wound
healing in NL corneas. This observation is contradictory
with reports in the literature that IL-1b neutralization
usually improves tissue repair.49e51 Paradoxically, down-
regulation of IL-1Ra by siRNA also slowed epithelium-
wound healing in the NL corneas. We propose a novel
concept that the dynamic interactions of IL-1b and sIL-1Ra
with IL-1R is critical for epithelium-wound healing.
Another novel observation is that when IL-1b activity

was neutralized, the expression of IL-1Ra, but not IL-1b,
was attenuated in the NL corneas. On the other hand, the
down-regulation of sIL-1Ra resulted in the suppression of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Schematic diagram deciphering the
role of balanced IL-1beIL-1 receptor antagonist
(IL-1Ra) signaling in mediating epithelial wound
healing and its defects in the diabetic corneas. A:
In the normal corneas, epithelium injury causes
the release of alarmins (eg, high mobility group
box 1 protein), which activates Toll-like receptors
(TLRs), resulting in the initial induction of IL-1b
and the secreted form of IL-1Ra (sIL-1Ra). Both
Il-1b and sIL-1Ra bind IL-1R and activate NF-kB,
resulting in further induction of IL-1b and IL-1Ra
in a balanced manner. IL-1b and IL-1Ra, in
collaboration with tyrosine kinase receptors, such
as epidermal growth factor receptor (EGFR), also
participate in the activation of mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-
kinase (PI3K) pathways, resulting in the activa-
tion of epithelial proliferation and migration, and
the expressions of chemokine ligand (CCL) 5 to
active stem cells, CXCL5 to recruit neutrophils,
CXCL10 to recruit and activate natural killer (NK)
cells, and nerve growth factor to initiate sensory
nerve regeneration. B: In the diabetic corneas, the
activation of TLRs by alarmins, the presence of
reactive oxygen species, and/or the impairment of
EGFR signaling results in the down-regulation of
MAPK and/or PI3K, leading to a marked reduction
of IL-1Ra, whereas the expression of IL-1b is not
affected. This causes a robust activation of NF-kB,
central regulator in ocular surface inflammation
and diseases, without balanced action of MAPK
and PI3K, leading to the down-regulation (red
arrows) of chemokines and reduced infiltration of
immune cells, and to the cell apoptosis and
delayed wound healing and sensory nerve regen-
eration. Exogenous IL-1Ra ameliorates delayed
epithelial wound healing in diabetic cornea by
restoring balanced activation of IL-1R signaling.
a, IL-1a; b, IL-1b; ic, intracellular; s, soluble.

IL-1Ra and Diabetic Cornea Wound Healing
IL-1b expression at the mRNA levels. Thus, in the NL
corneas, there is an interdependent relation between IL-1b
and sIL-1Ra in terms of wound-evoked expressions, giving
a balanced ratio of IL-1R agonist and antagonist required for
proper response to environmental challenges.

Our data underline the role of increasing cell apoptosis
and suppressing cell proliferation as underlying mechanisms
for delayed epithelium-wound healing in the DM corneas.
Diabetes is known to cause tissue damage by inducing
apoptosis, such as that seen in endothelial cells in DM
foot ulcer in rats with an elevated expression of IL-1b
observed.52 However, a causative relation of elevated IL-1b
and endothelial cell apoptosis was not established in the
study. Our study provided direct in vivo evidence that
exogenous IL-1Ra reduced the number of apoptotic cells in
the healing epithelial sheet and in the stroma near the
leading edge of healing DM corneas. On the other hand,
proliferative cells were found away from the leading edge of
migratory epithelia and in the limbal region in the NL
corneas. Cell proliferations at different sites may provide
different cell populations for stratification and progenitor
cells. Fewer proliferative cells were found at the peripheral
The American Journal of Pathology - ajp.amjpathol.org
region near the limbus in the DM, compared with NL,
corneas. The defects in cell proliferation and elevated cell
apoptosis may be related to the decreased PI3K-Akt
activities in the DM corneas during epithelial wound heal-
ing. Interestingly, the presence of IL-1Ra restored the levels
of phospho-Akt at early time points (1 and 2 hpw). IL-1b
has been shown to significantly reduce the expression of
phosphoinositide 3-kinase p85a and the phosphorylation of
Akt, in adipocytes53; hence, Il-1Ra may promote PI3K-Akt
activation through suppression of IL-1b activity. Moreover,
the lack of sustained activation of PI3K-Akt may contribute
to the fact that the presence of IL-1Ra can only partially
reverse some adverse effects of diabetes on the cornea
wound healing.

Our study also revealed that the numbers of two major
infiltrative innate immune cells, neutrophils and NK cells,
were reduced during epithelium wound closure in the DM
mouse cornea, as that shown during cutaneous wound healing
in DM rats.54 Neutrophils have been shown to act as an early
response immune cells that play a key role in the healing of an
epithelium-debridement wound.31 A large number of NK cells
infiltrate into the cornea and participate in the modulation of
1477
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epithelium-wound healing.32 It is not clear to date whether the
decrease in the infiltration is because of the defects in these
immune cells or the lack of cytokines/chemokines from the
tissue to recruit these effector cells. The fact that the presence
of IL-1Ra almost completely restored neutrophil infiltration
and partially restored for NK cell infiltration in healing DM
corneas suggest that IL-1R signaling within the cornea is
involved in recruiting, maintaining, and/or activating these
cells, leading to the acceleration of epithelium-wound closure.
IL-1Ra may influence neutrophil and NK cell infiltrations by
mediating the expressions of CCL5 and CXCL10 detected by
cytokine protein array and confirmed by qPCR and/or ELISA
assays (Figure 7).

We previously showed reduced innervation and reinner-
vation after epithelium wounding in Goto-Kakizaki type 2
DM rats.26 In the literature, IL-1Ra was shown to either play
a protective role against transthyretin-mediated axonal loss
in a mouse model of familial amyloidotic polyneuropathy55

or impair taste responses in the intact chorda tympani after
nearby injury.56 Our results indicate a supportive role of
IL-1Ra in the DM cornea and corroborate the potential use
of IL-1Ra in promoting sensory nerve regeneration in DM
peripheral tissues.

Our study using cytokine protein array revealed the
potential involvement of CXCL5, CCL5, and CXCL10. The
expression of these wound-responding genes was suppressed
by diabetes; however, local treatment of anakinra reversed
partially, but significantly, the diabetes-suppressed expres-
sion, suggesting the expression of these genes is under the
control of IL-1 signaling. Although it was suspected to drive
obesity, insulin resistance, and diabetes-derived pathol-
ogies,57 CXCL5 was shown to be a chemoattractant recruit-
ing neutrophils into wounds and, therefore, facilitating
healing of excisional skin wounds in mice.58 CCL5 has been
linked to DM nephropathy59 and DM cardiovascular auto-
nomic complications.60 However, during the excisional skin
wound repair process, CCL5, through CCR5, promotes bone
marrowederived progenitor cells homing to wound sites,
hence accelerating wound healing in mice.61 The suppressed
expression of CXCL5 and CCL5 may contribute to the
defects in polymorphonuclear neutrophil infiltration and/or
progenitor cell generation observed in DM wounded corneas.

Herein, we focused on CXCL10 and showed that it is
greatly up-regulated in response to wound, and this up-
regulation was significantly suppressed in the DM corneas.
Presence of IL-1Ra partially restored its expression at both
mRNA and protein levels. Immunohistochemistry analysis
revealed that CXCL10 primarily expressed at the leading
edge of the migratory epithelium in the NL but not DM
corneas with apparent elevation on IL-1Ra treatment in
the DM corneas. Functionally, CXCL10 accelerates wound
healing in the DM corneas, whereas, surprisingly, slowed
wound closure in the NL corneas, suggesting a strict
concentration-dependent role of CXCL10 for promoting
wound response in the cornea. Thus, although Cxcl10 is
considered an interferon-stimulated gene,62,63 our data
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indicate that its wound-induced expression is regulated by
IL-1R signaling. Thus, we conclude that IL-1R, controlled
by the IL-1b/IL-1Ra ratio, serves as a converging point in
mediating wound response and the overall decrease in
IL-1R signaling contributing to the defects in wound healing
in the diabetic corneas.
Our study clearly demonstrates a role of IL-1Ra in

mediating corneal inflammation, epithelium wound closure,
and sensory nerve regeneration through control of IL-1R
signaling. We conclude that the ratio of IL-1b/sIL-1Ra is
mostly responsible for these functions, and functional
defects as found in diabetic corneas are related to suppressed
expression of sIL-1RA. The current study could not rule out
the contribution of icIL-1Ra to the regulation of corneal
epithelial wound healing and to the pathogenesis of diabetic
keratopathy, because wounding was shown to enhance
IL-1Ra-V1 expression, which is also sensitive to diabetes
suppression, albeit much milder than that of IL-1Ra-V2.
The ELISA assay we used in this study was unable to
distinguish between these isoforms or their cellular locali-
zation. The fact that exogenous IL-1Ra accelerates diabetic
wound healing and restores defective diabetic signaling
supports a major role of sIL-1Ra. Further study to define the
role of icIL-1Ra, potentially targeting IL-1a, is warranted.
Finally, s.c. injection of anakinra has been used clinically

to treat rheumatoid arthritis for >15 years with injection site
discomfort and occasional infection, but not the systematic
infection because of the suppressed IL-1b activity, as major
adverse effects.16 In a prospective phase 1 and 2 clinical trial
for treating dry eye disease, topical anakinra 2.5% and 5%,
three times daily for 12 weeks, was well tolerated compared
with vehicle, with no reports of serious adverse reactions
attributable to the therapy.64 Our study points to its topical
application to treat DM ulceration and delayed wound
healing in human corneas and potentially in the skin.
Indeed, preliminary study performed by a contract preclin-
ical testing company showed promising result in promoting
skin wound healing of topical Anakinra in Pluronic F127
gel in Zucker type 2 DM rats. This can be readily translated
into the clinical use to treat DM patients with persistent,
unhealable wounds in cornea and the skin.
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