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Skin wound healing is mediated by inflammatory cell in-
filtration of the wound site. Inducible costimulator (ICOS),
expressed on activated T cells, and its ligand, ICOS ligand
(ICOSL), expressed on antigen-presenting cells, have been
considered a single receptor-ligand pair. Although the
ICOS-ICOSL pathway participates in adaptive immunity, its
roles in skin wound healing, which is mediated by innate
immune responses, remain unknown. To clarify these
roles, repair of excisional wounds was examined in
ICOS™~ mice, ICOSL™~ mice, and ICOS™ “ICOSL™~
mice. Each mutant strain showed similar, dramatic delays
in wound healing, especially at early times. Knockout
mice showed suppressed keratinocyte migration, angio-
genesis, and granulation tissue formation, and diminished
T-cell, macrophage, and neutrophil infiltration. The loss of
ICOS and/or ICOSL resulted in marked suppression of cy-
tokine expression in wounds, especially the Th2 cytokines
interleukin (IL)-4, IL-6, and IL-10. T-cell transfer experi-
ments and T-cell depletion therapy further clarified the
important roles of ICOS expressed on T cells and its inter-
action with ICOSL. Application of IL-6, but not IL-4, to the
wounds significantly increased the onset of early wound
healing in mutant mice. Thus, our results indicate that
ICOS-ICOSL costimulatory signaling has critical roles dur-
ing wound healing, most likely by inducing IL-6
production. (4m J Pathol 2011, 179:2360-2369; DOI:
10.1016/j.ajpath.2011.07.048)

Skin wound healing starts immediately after an injury and
consists of three general stages: i) an inflammatory stage
that consists of platelet aggregation and recruitment of
inflammatory cells to the wound site; ii) a proliferative
phase that involves the migration and proliferation of ke-
ratinocytes, fibroblasts, and endothelial cells, leading to
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re-epithelialization and granulation tissue formation; and
iii) a long remodeling phase.”? Migration of inflammatory
cells to the wound site is important during wound re-
pair.’~* Numerous studies have demonstrated that many
cytokines, chemokines, and growth factors produced by
infiltrating cells or resident cells contribute extensively to
the wound healing process. These factors stimulate the
synthesis of extracellular matrix by local fibroblasts, gen-
erate new blood vessels, promote granulation tissue for-
mation, and enhance the re-epithelialization that takes
place by the migration of keratinocytes from the edges of
the wound toward the center.”2

Inducible costimulator (ICOS) is the third member of
the CD28 family of costimulatory molecules, and is in-
duced on the cell surface following T-cell activation.>™”
ICOSL (also called B7-H2, B7RP-1, LICOS, and GL50),
the ligand of ICOS, is weakly expressed on antigen-
presenting cells in the steady state and is up-regulated
after activation of these cells.®~® The ICOS-ICOSL path-
way promotes T-cell activation, differentiation, and effec-
tor responses, and T cell-dependent B-cell responses.
ICOS-mediated costimulation of T cells leads predomi-
nantly to the production of effector cytokines such as IL-4
and IL-10 and, to a lesser extent, IL-2, interferon (IFN)-v,
and tumor necrosis factor (TNF)-a,° thereby playing a
more important role in Th2 responses than Th1 respon-
ses.>197'2 However, recent studies demonstrated that
ICOS influences the expansion of follicular helper T cells,
Th17 cells, and regulatory T cells, indicating the complex
roles of ICOS in several disease models.'®"'®> Because
ICOS ™~ mice and ICOSL ™~ mice display similar defects
in humoral immunity, ICOS and ICOSL have been con-
sidered a single receptor-ligand pair.'®¢~'8

It is generally accepted that ICOS-ICOSL signaling is
critical for adaptive immunity, including autoimmunity,
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allergy, infectious diseases, and transplantation.'®2"

However, ICOSL is constitutively expressed, not only on
B cells, but also on macrophages and dendritic cells that
contribute to innate immunity.®® Therefore, it is possible
that ICOS-ICOSL signaling may be contributing to innate
immunity as well as adaptive immunity. In fact, recent
studies suggest involvement of ICOS and ICOSL in innate
immune disease models.?*?® As skin wound healing in-
volves a strong innate immune component, we applied
this model to mice deficient for ICOS and ICOSL to in-
vestigate the roles of these molecules in modulating in-
nate immunity.

Materials and Methods
Mice

ICOS™~ mice and ICOSL ™~ mice were purchased from
Jackson Laboratory (Bar Harbor, ME). ICOS ™~ mice and
ICOSL™~ mice were backcrossed 10 and 8 generations
onto the C57BL/6 genetic background, respectively. Mat-
ing these ICOS™~ mice with [COSL™"~ mice generated
ICOS*~ ICOSL™~ mice, which were crossed to gener-
ate ICOS™~ ICOSL™"~. To verify the ICOS or ICOSL
genotype, PCR amplification of each gene was con-
ducted using genomic DNA from each mouse. All mice
were housed in a specific pathogen-free barrier facility
and screened regularly for pathogens. Eight- to 10-week-
old male mice were used. The Committee on Animal
Experimentation of Kanazawa University Graduate
School of Medical Science approved all studies and pro-
cedures, including the use of diethyl ether for anesthesia.

Wounding and Macroscopic Examination

Mice were anesthetized and their backs shaved and
cleaned with 70% alcohol. Four full-thickness excisional
wounds per mouse were made using a disposable, ster-
ile 6-mm biopsy punch (Kai, Tokyo, Japan), as described
elsewhere.?* After surgery, mice were caged individually.
Photos of the wounds were taken each day, and the open
wound area was calculated and compared to that of the
previous day using the free-hand tool of Photoshop Ele-
ments (Adobe Systems, Tokyo, Japan). No signs sugges-
tive of local infection were detected in the wounded skin.

Histological Examination and
Immunohistochemistry

After the mice were euthanized, wounds were harvested
with a 2-mm rim of unwounded skin tissue. The wounds
were cut into halves laterally, fixed in 3.5% paraformal-
dehyde, and were then paraffin embedded. Six-micro-
meter sections were stained with hematoxylin and eosin
(H&E), or were immunostained. For immunohistochemis-
try, deparafinized sections were treated with endogenous
peroxidase blocking reagent (DAKO Cytomation A/S, Co-
penhagen, Denmark) and proteinase K (DAKO Cytoma-
tion A/S) for 6 minutes at room temperature. Sections
were then incubated with rat monoclonal antibodies spe-
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cific for myeloperoxidase (Neomarkers, Fremont, CA),
macrophages (clone F4/80; Abcam, Cambridge, UK),
CDS3 (Serotec, Kidlington, UK), CD31 (BD Pharmingen,
Franklin Lakes, NJ), and a-smooth muscle actin (a-SMA;
Sigma-Aldrich, St. Louis, MO). Rat IgG (Southern Bio-
technology Associates Inc., Birmingham, AL) was used
as a control for nonspecific staining. Sections were then
incubated sequentially (20 minutes, 37°C) with a biotin-
ylated rabbit anti-rat IgG secondary antibody (Ab) (Vec-
tastain ABC method, Vector Laboratories, Burlingame,
CA), then horseradish peroxidase—conjugated avidin-bi-
otin complexes. Sections were washed three times with
PBS between incubations. Sections were developed with
3,3’-diaminobenzidine tetrahydrochloride and hydrogen
peroxide, and then counterstained with methyl green.
Numbers of myeloperoxidase-positive neutrophils, F4/80-
positive macrophages, and CD3-positive T cells were
determined by counting in nine high-power fields (0.07
mm?2, magnification, X400) in the wound bed per section.
Among the nine fields, six fields were selected from both
edges of the wound bed, and the remaining three fields
were chosen from the middle of the wound bed. The
epithelial gap, which represents the distance between
the leading edge of migrating keratinocytes, was mea-
sured in H&E-stained sections of wounds. We identified
the area that consisted of newly formed capillaries and
the collection of fibroblasts and macrophages as granu-
lation tissue. Wound sections were visualized by micros-
copy (BX50; Olympus, Tokyo, Japan) with images col-
lected using a digital camera (DP70; Olympus). After this,
the area of granulation tissue was gated and measured
using the same system. Vessel density, defined as CD31-
positive regions, was measured in the whole wound bed
areas using Photoshop Elements and was expressed as
a percentage of this whole.

T-Cell Depletion

For T-cell depletion studies, 100 png of anti-mouse Thy
1.2, monoclonal Ab (mAb) (BD Pharmingen) was injected
intravenously 24 hours before wounding, as described
previously.?®

T-Cell Transfer

Single-cell splenic leukocyte suspensions were gener-
ated by gentle homogenization. Immunomicrobeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) were
used to purify T-cell populations according to the manu-
facturer’s instructions. 2.0 X 10° CD3" T cells, CD4" T
cells, or CD8" T cells/mouse were transferred intrave-
nously to indicated recipient mice.

Real-Time Reverse-Transcription Polymerase
Chain Reaction

Total RNAs were extracted from injured skin samples
using Qiagen RNeasy spin columns (Qiagen, Crawley,
UK) and digested with DNase | (Qiagen) to remove chro-
mosomal DNA in accordance with the manufacturer’s
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protocols. Total RNA was reverse-transcribed to cDNA
using Reverse Transcription System with random hexam-
ers (Promega, Madison, WI). Real-time quantitative RT-
PCR was performed using the TagMan system (Applied
Biosystems, Foster City, CA) on an ABI Prism 7000 Se-
quence Detector (Applied Biosystems) according to the
manufacturer’s instructions. TagMan probes and primers
for IL-4, IL-6, IL-10, TNF-«, connective tissue growth fac-
tor (CTGF), platelet-derived growth factor (PDGF), trans-
forming growth factor (TGF)-B, vascular endothelial
growth factor (VEGF), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were purchased from Applied
Biosystems. Relative expression of real-time PCR prod-
ucts was determined using the AAC; technique. Briefly,
each set of samples was normalized using the difference
in threshold cycle (C;) between the target gene and
housekeeping gene (GAPDH): ACt = (Ct target gene —
Cr caron) Relative mRNA levels were calculated by the ex-
pression 2-24°T, where AACT = ACt campie — ACT caibrator
Each reaction was performed a minimum of three times.

Cytokine Concentration in Tissues

Samples of whole wounds were homogenized in 600 L
of lysis buffer [10 mmol/L PBS, 0.1% sodium dodecyl
sulfate, 1% Nonidet P-40, 5 mmol/L ethylenediaminetet-
raacetic acid (EDTA)] containing a complete protease
inhibitor mixture (Roche Diagnostics GmbH, Mannheim,
Germany) to extract proteins. Homogenates were centri-
fuged at 22,000 X g for 15 minutes at 4°C to remove
debris.?*

The concentrations of IL-6, IL-10, IFN-y, TNF-«, and
monocyte chemotactic protein (MCP)-1 in supernatants
were determined using the BD Cytometric Bead Array
mouse inflammation kit (BD Biosciences, San Jose, CA)
according to the manufacturer’s protocol. Flow cytomet-
ric analysis was performed using a FACSCalibur flow
cytometer (BD Biosciences). Total protein in the super-
natant was measured with the Bicinchoninic Acid Protein
Assay kit (Thermo Fischer Scientific Inc., Waltham, MA).

Application of Cytokines

An optimal concentration of cytokines was applied to
each wound in 20 uL of phosphate-buffered saline. Cy-
tokines were applied to wounds immediately after wound-
ing and every 24 hours thereafter. Recombinant cyto-
kines used in this study were as follows: 50 pg/20 ulL IL-4
(R & D systems, Minneapolis, MN) and 50 pg/20 uL IL-6
(R & D systems). Skin samples from at least three mice for
each genotype were harvested at 7 days after wounding.

Statistical Analysis

The Mann-Whitney U-test was used for determining the
level of significance of differences between samples, and
Bonferroni's test was used for multiple comparisons.
A P value of <0.05 was considered statistically signifi-
cant.
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Figure 1. Cutaneous wound healing in wild-type and mutant mice. A:
Full-thickness cutaneous wounds were made using a 6-mm punch biopsy.
The open wound area was determined by tracing the wound photos using
Adobe Photoshop. Each line graph shows the mean (+SEM) results obtained
from 14 mice of each group. **P < 0.01, wild-type (WT) versus mutant mice
(ICOS™"~ mice, ICOSL™’~ mice, and ICOS™/~ ICOSL™’~ mice). B: Represen-
tative wound closure in wild-type mice, ICOS™~ mice, ICOSL™"~ mice, and
ICOS™/~ ICOSL™"" mice.

Results

Open Wound Areas

The open wound areas were measured each day after
wounding to assess macroscopic healing defects (Figure
1). From day 1 to day 10, open wound areas were sig-
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Figure 2. Keratinocyte migration, granulation tissue formation, angiogenesis,
and myofibroblast proliferation in wild-type (WT) and mutant mice. A: The
distance between the migrating edges of keratinocytes under the eschar (epi-
thelial gap) and (B) the area of granulation tissue, were both measured in tissue
sections. C: Vessel density was determined as CD31-positive areas, and (D) the
frequency of myofibroblasts was identified as the percentage of a-SMA—positive
cells among fibroblastic cells. Each histogram shows the mean (+SEM) results
obtained from at least 10 mice of each group. *P < 0.05, **P < 0.01.

nificantly larger in ICOS™~, ICOSL™~, and ICOS™~
ICOSL ™~ mice (P < 0.01) than in wild-type mice. Each
mutant mouse strain showed an equivalent delay in
wound healing. In wild-type mice, wounds closed com-
pletely by day 10, but wounds of mutant mice required 15
days or more. Thus, the loss of ICOS and/or ICOSL dra-
matically disrupted skin wound healing at an early date.

Epithelial Gap

Migration of keratinocytes under the eschar was assessed
by microscopically measuring the epithelial gap (the dis-
tance between the migrating edges of keratinocytes) (Fig-
ure 2A). Keratinocyte migration was significantly inhibited in
ICOS™~, ICOSL™~, and ICOS™~ ICOSL™~ mice relative
to wild-type mice at days 3 and 7 after wounding (P < 0.01
for both) after wounding, consistent with the defects ob-
served in macroscopic healing (Figure 1).

Granulation Tissue Formation

Granulation tissue formation is one of the most important
components in wound repair; therefore, the area of gran-
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ulation tissue was measured microscopically (Figure 2B).
At 3 days after wounding, granulation tissue formation
was reduced in ICOS™~, ICOSL™~, and ICOS™~
ICOSL ™~ mice (P < 0.05) relative to wild-type controls.
Deficiencies in granulation tissue formation were still
present at day 7 in all knockout mice as compared to
wild-type controls (P < 0.05 for /[COS™~, ICOSL™~, and
ICOS™~ ICOSL™~ mice).

Angiogenesis

Angiogenesis is an important event observed in the pro-
liferative phase of wound healing. To assess the extent of
angiogenesis, we performed immunohistochemical stain-
ing with anti-CD31 mAb (Figure 2C). At 3 days after
wounding, the vascular density in the wound bed was
significantly reduced in ICOS™~, ICOSL™"~, and
ICOS™~ ICOSL™~ mice relative to wild-type controls
(P < 0.01). At 7 days after injury, vessel density formation
was also inhibited in /ICOS™~, ICOSL™~, and ICOS™~
ICOSL™"~ mice (P < 0.01).

Proliferation of Myofibroblasts

The proliferation of myofibroblasts is also an important
event in wound healing; therefore, we performed immu-
nohistochemical staining of myofibroblasts with anti—a-
SMA mAb (Figure 2D). The percentage of cells staining
positively for a-SMA among fibroblastic cells was signif-
icantly reduced in ICOS™~, ICOSL™~, and ICOS™~
ICOSL™~ mice (P < 0.01) at day 3 after wounding, as
compared with wild-type controls. Similar trends were
also observed at day 7 after wounding (P < 0.05 for
ICOS™~, ICOSL™~, and ICOS™~ ICOSL™"~ mice).

Infiltration of Neutrophils

The numbers of neutrophils that migrated outside of
blood vessels were assessed in wound tissue by immu-
nohistochemical analysis using anti-myeloperoxidase
mADb (Figure 3A). At 1 hour after wounding, extravasated
neutrophil numbers were significantly reduced in
ICOS™~, ICOSL™~, and ICOS™~ ICOSL™~ mice (P <
0.05) relative to wild-type controls. Neutrophil numbers
remained lower in ICOS™~, ICOSL™~, and ICOS™"~
ICOSL™~ mice at 4 hours after wounding (P < 0.05)
relative to wild-type controls.

Infiltration of CD3-Positive T Cells

T-cell infiltration was assessed using immunohistochem-
ical staining for CD3 (Figure 3, B and D). CD3-positive
T-cell numbers were significantly reduced in ICOS™~,
ICOSL™~, and ICOS™~ ICOSL™~ mice (P < 0.01) rela-
tive to wild-type controls on day 3. At 7 days after wound-
ing, the numbers of CD3-positive T cells in ICOS™,
ICOSL™~, and ICOS™~ ICOSL™~ mice had increased
relative to corresponding day 3 values, but remained
lower than the wild-type controls (P < 0.05 for all groups).
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Figure 3. Representative histological sections showing inflammatory cell
infiltration into wounded skin of wild-type (WT) mice, ICOS™'~ mice,
ICOSL™~ mice, and ICOS ™/~ ICOSL™"~ mice. A: Number of neutrophils was
determined by counting in myeloperoxidase-stained cells per high-power
field (0.07 mm?) at 1 and 4 hours after injury. B: Numbers of CD3-positive T
cells per high-power field (0.07 mm?) at 3 and 7 days after wounding. C:
Numbers of F4/80-positive macrophages per high-power field (0.07 mm?) at
3 and 7 days after wounding. D: Sections were stained with mAbs specific for
T cells (CD3). Original magnification, X200. E: Sections were stained with
mAbs specific for macrophages (F4/80). Original magnification, X200. Each
histogram shows the mean (+SEM) results obtained from at least 10 mice of
each group. "P < 0.05, P < 0.01.

Infiltration of Macrophages

Macrophage infiltration was assessed by immunohisto-
chemistry using the F4/80 mAb (Figure 3, C and E).
Macrophage numbers were significantly reduced in
ICOS™~, ICOSL™~, and ICOS™~ ICOSL™~ mice com-
pared with wild-type mice at 3 days (P < 0.05) and 7
days (P < 0.05) after injury.

T Cell-Depleted Wild-Type Mice Show
Equivalent Delays in Wound Healing Compared
with Mutant Mice

To assess whether impaired T-cell function contributed to
the delayed wound healing in /ICOS™~, ICOSL™"~, and
ICOS™~ ICOSL™~ mice; a T cell-depleting anti-Thy1.2
mAb was administered to wild-type mice 24 hours before
wounding (Figure 4A). Depletion of more than 80% of
CDS3™" T cells was confirmed by flow cytometry. Wild-type
mice treated with anti-Thy1.2 mAb showed a significant
delay in wound healing relative to untreated wild-type
mice, with wound closure by day 10 in untreated mice
and day 14 in treated mice (Figure 4A). ICOS™~ and
ICOSL™~ mice injected with anti-Thy1.2 mAb showed no
significant changes compared with untreated /COS™~
and ICOSL ™~ mice. Therefore, depletion of CD3* T cells
from wild-type mice results in an equivalent delay in
wound healing compared to both /[COS™~ and ICOSL ™~
mice. These findings indicate that the loss of ICOS or
ICOSL may be affecting wound healing via inhibition of
ICOS signaling in T cells.

Adoptively Transferred T Cells Improve Wound
Healing

The role of ICOS-ICOSL signaling in wound healing was
assessed using adoptive transfer experiments. Splenic T
cells were purified from wild-type mice or ICOS™™ mice,
and 2 X 10° cells were transferred into ICOS™~ and
ICOSL™~ mice. ICOS™~ mice that received T cells from
wild-type mice showed improved wound healing, with
wound closure by day 13 (Figure 4B). There were no
significant changes in the wound-healing process in
ICOS™~ recipient mice that received ICOS-negative T
cells, or in ICOSL™~ mice that received wild-type T cells.
Furthermore, wound sizes were significantly smaller dur-
ing days 1to 10 in /[COS™~ recipient mice that received
T cells from wild-type mice compared with ICOS™~ re-
cipient mice that received T cells from ICOS™~ mice, or
ICOSL ™~ recipient mice that received wild-type T cells
(P < 0.05). These findings, together with the results of our
T-cell depletion studies, indicate that ICOS-ICOSL sig-
naling is critical for wound healing.

ICOS Expression on CD4-Positive T Cells Has a
Dominant Role in Wound Healing
Next, we assessed whether ICOS expression on either

CD4" or CD8™" T cells is important for wound healing.
CD4™" T cells and CD8™ T cells were purified from wild-
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Figure 4. T cell-dependent effects on wound healing in wild-type and
mutant mice. A: Wound healing in wild-type and mutant mice 24 hours after
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mice versus untreated wild-type mice. B: Wound healing in wild-type and
mutant mice 24 hours after purified T cell transfer. TV" and T'““® stand for
T cells of wild-type and ICOS™~ mice, respectively. T¥" were transferred
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ICOS™~ mice. *P < 0.05, **P < 0.01; T¥" into ICOS™”~ mice versus both
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and CD8-positve TV were transferred into ICOS™~ mice. *P < 0.05, **P <
0.01 versus unmanipulated /COS™"~ mice. Each line graph shows the mean
(+SEM) results obtained from at least five mice of each group.

type mice, and 2 X 10° cells of each cell type were
transferred into /ICOS™~ mice. Although CD4* T cell
transfer significantly reduced the wound size relative to
unmanipulated ICOS™~ mice during day 2 to 7, wound
closure did not occur until day 15, similar to what was
seen in unmanipulated /ICOS™~ mice. CD8" T-cell trans-
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fer did not significantly improve wound healing in
ICOS™~ mice. Thus, ICOS expression on CD4* T cells
rather than CD8™ T cells is important for wound healing.

Cytokine Expression in the Wounds of
Mutant Mice

To assess the effects of ICOS and/or ICOSL loss on
cytokine expression, mMRNA expression levels of [L-4,
IL-6, IL-10, TNF-a, CTGF, TGF-B, PDGF, and VEGF in the
wounds were assessed by real-time RT-PCR on day O, 1,
3, and 7 (Figure 5A). In addition, the concentrations of
IL-6, IL-10, IFN-y, TNF-a, and MCP-1 in wound lysates
were measured by cytometric bead array analysis, and
were reported as a ratio of the total protein concentration
(Figure 5B). Total protein concentrations (mean = SEM)
in the wound lysates were comparable between strains
(wild type: 12.9 = 6.1 mg/mL; ICOS™"": 11.3 = 6.7 mg/
mL; ICOSL™": 12.7 = 6.4 mg/mL; ICOS™~ ICOSL™"":
11.3 = 55 mg/mL). In wild-type mice, mRNA levels or
protein concentrations of these cytokines and growth fac-
tors tended to increase during the process of wound
healing, although mRNA levels of IL-6 and IL-10 did not
increase and the protein concentration of IFN-y actually
decreased. The mRNA levels of IL-4, IL-6, and IL-10 were
significantly lower in mutant mice relative to wild-type
mice from day O to day 7 (P < 0.05, Figure 5A). mRNA of
TNF-a and CTGF tended to be reduced in mutant mice
relative to wild-type mice from day 1 to day 7. Expression
levels of PDGF, TGF-B, and VEGF were not generally
different between strains. The relative concentration (cy-
tokine concentration/total proteins concentration in tissue
lysates) of IL-6 (from day O to day 7) and IL-10 (from day
1 to day 3) in the wounds from mutant mice were lower
than those of wild-type mice (P < 0.05, Figure 5B). The
relative concentrations of IFN-y, TNF-a, and MCP-1
were not significantly different between strains (Figure
5B). Thus, reduced IL-4, IL-6, and IL-10 expression
may be associated with the impaired wound healing in
mutant mice.

Effect of Cytokines on Delayed Wound Healing

Cytokines can promote wound repair, and are produced
during the initial inflammatory phase by neutrophils, mac-
rophages, and T cells. For this reason, the effect of cy-
tokines on the delayed wound healing observed in mu-
tant mice was examined. As mentioned above, mutant
mice demonstrated a dramatic reduction of IL-4, IL-6,
and IL-10 in the wound (Figure 5). Among these cyto-
kines, IL-4 and IL-6 have been reported as important for
wound healing.2672® Therefore, we assessed whether
supplement of IL-4 or IL-6 could improve the delayed
wound healing in mutant mice (Figure 6). In both ICOS ™~
mice and /COSL "~ mice supplemented with exogenous
IL-6, at day 1 after injury, the gross appearance of open
wound areas was significantly improved, and the wound
area was reduced to a level similar to that of wild-type
mice. However, this effect was not maintained, and
marked differences were present by day 5, possibly due
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Figure 5. Cytokines, chemokines, and growth factors in wounds from wild-
type (WT) and mutant mice. A: Expression of IL-4, IL-6, IL-10, TNF-a, CTGF,
PDGF, TGF-, and VEGF mRNAs measured by quantitative RT-PCR. B: Concen-
trations of IL-6, IL-10, TNF-«, IFN-y, and MCP-1 were measured by Cytometric
Bead Array (BD Biosciences) analysis in supernatants of wound homogenates.
Total protein in the supernatant was measured by bicinchoninic acid protein
assay. Relative concentrations of each cytokine [cytokine concentration (in pi-
cograms per milliliter) divided by total protein concentration (in milligrams per
milliliter)] in tissue lysates were shown. Each histogram shows the mean (+SEM)
results obtained from at least six mice of each group. “P < 0.05, P < 0.01.

to blocking of cytokine infiltration by the wound-fixed
eschar. On the other hand, application of IL-4 did not
show any positive effect on early wound healing in mutant
mice. Thus, a loss of ICOS-ICOSL signaling may delay

the early phase of wound healing by reducing IL-6 ex-
pression in the wounded skin.

Discussion

To our knowledge, this is the first report that has shown
significant roles for T-cell costimulatory molecules in
wound healing. Disruption of the ICOS-ICOSL pathway
dramatically delayed skin wound healing in mice. The
loss of ICOS and/or ICOSL resulted in markedly reduced
numbers of infiltrating T cells, macrophages, and neutro-
phils into wounds. The delayed wound healing observed
in mutant mice was similar to that seen in wild-type mice
that were depleted of T cells by anti-Thy1.2 mAb. T-cell
transfer, specifically transfer of CD4™ T cells rather than
CD8™" T cells, improved wound healing in [COS™~ mice.
Furthermore, all three types of knockout mice showed
dramatic reductions in cytokines, especially Th2 cyto-
kines such as IL-4, IL-6, and IL-10, in the skin during
wound healing. Application of IL-6, but not IL-4, signifi-
cantly improved the early wound healing in mutant mice.
Together, these findings indicate that ICOS-ICOSL sig-
naling and subsequent production of cytokines, such as
IL-6, are critical for wound healing.

In this study, we observed a surprising delay in wound
healing in mice deficient for ICOS, ICOSL, or both ICOS
and ICOSL. Transfer of wild-type T cells reversed the
delay in wound healing observed in ICOS™~mice, result-
ing in responses that were almost equivalent to those of
wild-type mice. This finding confirmed the critical roles
played by T cell-expressed ICOS during wound healing.
Furthermore, ICOS-ICOSL signaling is required for the
function of ICOS in this process, since transfer of wild-
type T cells did not improve wound healing in ICOSL™~
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Figure 6. A: Effect of cytokines (IL-4 and IL-6) on delayed wound repair in
mice deficient for ICOS or ICOSL. Cytokines were applied to each wound in
20 pL of PBS immediately after wounding and every 24 hours after wound-
ing. Each line graph shows the mean (+SEM) results obtained from at least
three mice of each group. *P < 0.05, **P < 0.01; ICOS~~ mice + PBS versus
ICOS™~ mice + IL-6. B: Representative wound closure in each group. WT,
wild type.



mice. T-cell depletion in wild-type mice using anti-Thy1.2
Ab led to delayed wound healing that was comparable to
that observed in ICOS™~ and/or ICOSL ™~ mice. Previ-
ous studies demonstrated that global T-cell depletion
using anti-Thy1.2 antibody inhibited wound healing in
wild-type mice®®2° is consistent with our findings. There
is a controversy regarding the roles of CD4™ T cells in
wound healing. One group reported that CD4™ T-cell
depletion did not significantly affect the wound healing in
mice,®' whereas another group showed a significantly
impaired wound healing by CD4" T-cell depletion in
rats.®? On the other hand, the depletion of CD8* T cells
improved wound healing in both groups’ studies.®"3?
Although we did not perform depletion studies of CD4" T
cells or CD8™ T cells, our adoptively transferred experi-
ment of CD4™ T cells or CD8™" T cells indicated that ICOS
expressed on CD4™* T cells rather than CD8™ T cells are
important for wound healing. This finding is not surpris-
ing, since ICOS is predominantly expressed on CD4* T
cells relative to CD8* T cells, especially before activa-
tion.? These results suggest that ICOS has a central role
in the positive function of T cells during wound healing.

A recent study demonstrated that augmenting ICOS
costimulation enhances the migration of lymphocytes,
including B cells and non-antigen-specific T cells, by
increasing the expression of chemokines in the lymph
nodes.®® Another study showed that transfer of ICOS-
enriched T cells followed by allergen airway challenge
induced infiltration of recipient lymphocytes.®* Therefore,
ICOS-ICOSL signaling is likely important for lymphocyte
migration, although direct effects of ICOS on lymphocyte
chemotaxis have not yet been examined. Consistent with
this idea, mutant mice exhibited a marked reduction in
inflammatory cell infiltration including neutrophils, lym-
phocytes, and macrophages during wound healing. The
inflammatory response is believed to be instrumental in
supplying cytokines, chemokines, and growth factors
that orchestrate the cell movement necessary for wound
repair.’~* An absence or a decrease in macrophage
number at wound sites impairs tissue repair,®® and trans-
fer of macrophages into aged mice accelerates wound
healing.®® In addition to our current findings, it has been
reported previously that T-cell depletion using anti-
Thy1.2 Ab significantly inhibits wound healing in mice.®”
Thus, inflammatory cell recruitment is considered to be
important for wound healing, and one possible explana-
tion for the delayed wound repair in ICOS™~ and
ICOSL™~ mice could be impaired inflammatory cell infil-
tration. Unfortunately, Abs against ICOS or ICOSL that
can clearly stain positive cells in the skin were not
available.

All components necessary for wound healing, such as
keratinocyte migration (epithelial gap), granulation tissue
formation, angiogenesis, and myofibroblast proliferation
were suppressed in ICOS™~, ICOSL™~, and double-
knockout mice. These defects may be due to the reduc-
tion of various cytokines produced directly or indirectly
by infiltrating inflammatory cells in the wound. Interest-
ingly, Th2 cytokines such as IL-4, IL-6, and IL-10 were
markedly suppressed in the skin of mutant mice before
and after wounding. It is well known that ICOS-ICOSL
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signaling has a pivotal role in cytokine production by T
cells, and this is particularly true for the induction of Th2
cytokines rather than Th1 cytokines.®'°~'2 Qur findings
support a role for ICOS in Th2 cytokine production during
skin wound healing.

Importantly, application of IL-6, but not IL-4, signifi-
cantly improved wound closure to the levels of wild-type
mice during early wound healing. Prior studies had
shown that IL-6—deficient mice have a marked delay in
skin wound healing,?”-?® and that IL-6 deficiency reduced
inflammatory cell infiltration, collagen deposition, and an-
giogenesis at wound sites.?® Furthermore, it has been
demonstrated that IL-6 induces keratinocyte migration
via signal transducer and activator of transcription 3
(STAT3) activation.®® In fact, STAT3 is essential for kera-
tinocyte migration, and STAT3-disrupted mice exhibit sig-
nificantly delayed wound healing.®® Therefore, the mark-
edly suppressed IL-6 in our study may explain, at least in
part, the delayed wound healing in /ICOS™~ and
ICOSL ™~ mice. A previous report demonstrated that top-
ical administration of IL-4 significantly accelerated wound
healing, whereas IL-4 antisense oligonucleotides signifi-
cantly inhibited healing.?® By contrast, IL-10 is an inhib-
itory factor for the remodeling of extracellular matrix dur-
ing wound healing.*® Addition of a neutralizing anti-IL-10
Ab inhibits the infiltration of neutrophils and macro-
phages toward the wound.*" Therefore, reduced IL-10
expression is not likely contributing to the delayed wound
healing seen in mutant mice in the current study, al-
though reduced cell infiltration may be partially induced
by decreased IL-10 expression. Although IFN-y has been
known to enhance wound healing,*? the concentration of
IFN-v in mutant mice was not significantly different from
that seen in wild-type mice. Therefore, our findings sug-
gest that loss of ICOS-ICOSL signaling reduces expres-
sion of cytokines such as IL-6, and thereby delays wound
healing. Interestingly, Th2 cytokines, including IL-4, IL-6,
and IL-10, were remarkably reduced even in the un-
wounded homeostatic skin (day 0) of knockout mice
compared with wild-type mice. This may explain the dra-
matic early delay in wound healing similar to that of IL-
6-deficient mice.?”-%8

Itis currently thought that ICOS and ICOSL are a single
receptor-ligand pair with no other known binding part-
ners.'” Previous studies have shown that /ICOS™~ mice
and ICOSL™~ mice have similar phenotypes.'®'” Con-
sistent with this idea, in the wound-healing model used in
our current study, /COS™~ mice and/or ICOSL™~ mice
exhibited similar delays in wound healing. Most studies
have investigated the roles of ICOS or ICOSL in disease
models related to antigen-specific adaptive immun-
ity. 821 Therefore, it is unexpected that T-cell costimula-
tory signals, including ICOS-ICOSL, have roles in wound
healing. Although ICOS is expressed on effector and
memory T cells, ICOSL is constitutively expressed on
macrophages and dendritic cells that contribute to innate
immunity, in addition to expression on B cells.>~” Several
studies have reported that ICOSL is expressed on sub-
sets of epidermal cells, mesenchymal cells, and endo-
thelial cells,”**“* although we could not detect expres-
sion on these cell types, at least by immunohistochemical
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staining (data not shown). Several recent studies, includ-
ing our bleomycin model, showed the roles of ICOS and
ICOSL in innate immune responses, including inflamma-
tion.#223 Qur findings also suggest that ICOS-ICOSL sig-
naling contributes to innate immunity during wound heal-
ing. Alternatively, ICOS-ICOSL signaling may affect
cytokine balance or the production of cytokines in organs
such as the skin under homeostatic and pathological
conditions. Further investigation will be needed to clarify
the multiple, robust, and complicated functions of ICOS-
ICOSL signaling for clinical application of wound healing.
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