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In this study, we investigated the role of interleukin
(IL)-1 signaling in wound healing. IL-1 receptor type I
(IL-1R) knockout (KO) mice showed reduced fibrosis
in both cutaneous and deep tissue wounds, which
was accompanied by a reduction in inflammatory cel-
lular infiltration in cutaneous but not in deep tissue
wounds. There were no differences in either total
collagenolytic activity or in the expression of selected
matrix metalloproteinases or tissue inhibitors of met-
alloproteinases between the wound fluids from wild-
type or IL-1R KO mice. However, wound fluids from
IL-1R KO mice contained lower levels of IL-6 com-
pared with wild-type controls. In addition, the infu-
sion of IL-6 into wounds in IL-1R KO mice did not
increase fibrosis. Skin wounds in IL-1R KO animals
had lower levels of collagen and improved restoration
of normal skin architecture compared with skin
wounds in wild-type mice. However, neither the ten-
sile strength of incisional skin wounds nor the rate of
closure of excisional wounds differed between IL-1R
KO and wild-type animals. The reduced fibrotic re-
sponse in wounds from IL-1R KO mice could be re-
produced by the administration of an IL-1R antago-
nist. These findings suggest that pharmacological
interference with IL-1 signaling could have therapeu-
tic value in the prevention of hypertrophic scarring
and in the treatment of fibrotic diseases. (Am J Pathol
2009, 174:2129–2136; DOI: 10.2353/ajpath.2009.080765)

Progress in the therapeutic management of abnormal
wound healing has fallen short of expectations. The
promise of molecular medicine to normalize impaired
healing, as seen in diabetes, vascular insufficiency, or

other chronic diseases, through the use of exogenous
cytokines or growth factors has not been realized. At the
other end of the abnormal wound healing spectrum, no
reliable prophylactic or therapeutic measures exist to
address the pathologies of excessive repair, exemplified
by hypertrophic burn scars, keloids, and stenosing gas-
trointestinal or vascular anastomoses. The availability of
effective therapies that allow for the modulation of the
wound healing response would be of substantial clinical
relevance. Recent reports demonstrate a markedly re-
duced cellular inflammatory response in models of sterile
inflammation1–4 and decreased scarring after experi-
mental myocardial infarction in mice deficient in the in-
terleukin (IL)-1 receptor type I (IL-1R).4

The present studies tested the hypothesis that genetic
or pharmacological interference with IL-1 signaling would
modulate the inflammatory response in skin and deep
tissue wounds and reduce scar formation. Results using
IL-1R knockout (KO) mice demonstrated that signaling
through the IL-1R is required for the constitution of a
normal cellular inflammatory response in cutaneous but
not in deep tissue wounds. Most importantly, the quality
of wound healing was different in IL-1R KOs, with cuta-
neous wounds in these animals attaining better restora-
tion of normal skin architecture and a marked reduction in
fibrosis without compromise in tensile strength. Addition-
ally, deep tissue wounds in IL-1R KO mice showed a
substantial reduction in collagen content, an observation
that was reproduced by the administration of a human
recombinant IL-1 R antagonist.
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Findings demonstrate a role for the IL-1/IL-1R axis in
the regulation of wound healing. They suggest that inter-
ference with IL-1 signaling through the use of an IL-1R
antagonist may find a clinical application in the preven-
tion of excessive or hypertrophic scar formation.

Materials and Methods

Animals

Male interleukin-1 receptor type I KO (B6.129S7-Il1r1tm1Imx/J)
and C57BL/6J mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). B6D2F1 male mice were
purchased from Taconic (Germantown, NY) and were used
in Anakinra infusion experiments. All animals were
housed in the Central Research Facilities at Rhode Island
Hospital, and fed mouse chow and water ad libitum. Mice
were certified free of common pathogens by the suppli-
ers and were monitored by Brown University/Rhode Is-
land Hospital veterinary personnel. Animal protocols
were approved by the Rhode Island Hospital Institutional
Animal Care and Use Committee. At the time of experi-
mentation, mice were 8 to 12 weeks of age, weighing
�27 to 30 grams.

Incisional Skin Wounds

Mice were anesthetized with pentobarbital (50 mg/kg i.p.;
Abbott Laboratories, North Chicago, IL) and their backs
shaved. Under aseptic surgical conditions, a dorsal mid-
line incision extending from the scapulae to the base of
the tail was created with a scalpel and closed with clips,
which were removed on day 7 after wounding. Animals
were euthanized by CO2 asphyxiation 14 days later. Their
pelts, including the wound, were affixed to a tissue holder
retaining original size and shape, fixed in 10% buffered
formalin, and processed for histology.

Excisional Skin Wounds

Mice were anesthetized with pentobarbital and their
backs shaved. Under aseptic conditions, the dorsal skin
was elevated and a 6-mm-diameter punch was used to
create bilateral wounds that extended through the pan-
niculus carnosus, 1 cm on either side of the lumbar mid-
line. Digital photographs were taken at 3-day intervals on
a standardized image stage. Wound surface area was
measured using ImageJ software (National Institutes of
Health, Bethesda, MD).5 At 14 days, the animals were
euthanized, and their pelts fixed in buffered formalin.
After 2 days of fixation, a 1-cm-diameter punch was used
to remove each healed wound from the pelt and the
tissue was processed for histology.

Deep Tissue Wounds

Sterile polyvinyl alcohol sponges (PVAs) were implanted
subcutaneously as described previously.6 Briefly, six
sponges (PVA Unlimited, Warsaw, IN) were aseptically

implanted into individual subcutaneous pockets created
through a dorsal midline incision in pentobarbital-anes-
thetized animals. Wound cells and cell-free wound fluids
were recovered from the sponges as published from this
laboratory.7 Differential wound cell counts were per-
formed on cytocentrifuge preparations stained with
Hema-3 (Fisher Scientific, Kalamazoo, MI). Additional
sponges were retrieved and processed for histological
examination 5, 10, or 14 days after implantation.

Sterile osmotic pumps (0.2 ml, Alzet model 2002;
Durect Corp., Cupertino, CA) were fitted with a
polypropylene mesh collar containing a PVA sponge
and inserted subcutaneously into B6D2F1 mice (see
Supplemental Figure S1 at http://ajp.amjpathol.org). The
pumps contained either hrIL-1R antagonist (Anakinra,
Kineret, 200 mg/ml; Amgen, Thousand Oaks, CA) or car-
rier solution �10 mmol/L sodium citrate, 140 mmol/L so-
dium chloride, 0.5 mmol/L EDTA, and 0.1% (w/w) Tween
80, pH 6.5�. Anakinra was delivered into the sponges at 5
mg/kg/hour for 14 days. Animals were euthanized at that
time, and the sponges harvested and processed for
histology.

Murine rIL-6 was either delivered to PVA sponges at
0.1 or 1 �g/sponge before implantation into IL-1R KO
animals, or continuously infused into wounds in these
animals using osmotic pumps (0.1 ml, Alzet model
1003D; Durect Corp.). The pumps were fitted with a 2-cm
polypropylene catheter attached to a PVA sponge under
sterile conditions and primed overnight in phosphate-
buffered saline (PBS) at 37°C before subcutaneous im-
plantation under anesthesia. The pumps contained either
mrIL-6 (100 �g/ml; R&D Systems, Minneapolis, MN) or
sterile PBS (Gibco, Invitrogen, Carlsbad, CA). IL-6-
treated animals received the cytokine at 100 ng/hour
for 3 days. All animals were euthanized 14 days later,
and the sponges removed, fixed, and processed for
histology.

Tissue Processing and Histomorphometric
Analysis

After 24 to 48 hours of fixation in 10% buffered formalin,
tissue and sponges were dehydrated, paraffin-embed-
ded, sectioned, and stained with hematoxylin and eosin
(H&E), trichrome, or sirius red. Samples were obtained
from two separate regions of each wound, and care was
taken to ensure uniformity of cross-sectional orientation
for both incisional and excisional wounds. Multiple sec-
tions of each wound were examined by a pathologist
blinded to the experimental groups and analyzed using
quantitative histomorphometric techniques on digital
images taken with a MicroPublisher 3.3 RTV camera (Q
Imaging, Surrey, Canada). Analytical software in-
cluded Image Pro-Plus version 5.1 (Media Cybernet-
ics, Bethesda, MD) and ImageJ.

Mechanical Testing of Skin Wounds

Incisional wounds were inflicted as described above.
Animals were euthanized 14 days after wounding and
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their pelts removed. A dog-bone shaped punch measur-
ing 5.2 cm in length and 0.5 cm wide at the narrowest
point was used to cut samples of normal and wounded
skin for mechanical testing.8 Tensile strength measure-
ments were conducted on fresh, unfixed tissue, using a
Minimat 2000 miniature tensile device (Rheometric Sci-
entific Inc., Piscataway, NJ) by stretching at 5 mm/minute
until rupture.

Collagen Zymography and Matrix
Metalloproteinases (MMP)/Tissue Inhibitors of
Metalloproteinase (TIMP) Detection by
Immunoblotting

Wound fluids were recovered from wild-type or IL-1R KO
mice at the times indicated. Fluids from three animals at
each time point were pooled and used for collagen zy-
mography and immunoblotting. Collagen zymography
was performed as described in Gogly and colleagues.9

Briefly, wound fluids were dispensed onto 7.5% sodium
dodecyl sulfate acrylamide gels containing rat tail colla-
gen type I (BD Biosciences, San Jose, CA) and electro-
phoresed using Tris-glycine running buffer. The gels
were then exposed to renaturing buffer (Triton X-100,
25%, v:v in water) for 30 minutes at room temperature.
After decanting of the renaturing buffer, gels were incu-
bated overnight in developing buffer (Tris, 50 mmol/L;
NaCl, 0.2 mol/L, CaCl2, 5 mmol/L, Brij 35, 0.02%) and
then stained with 0.25% Coomassie blue in methanol
(40%)/acetic acid (10%) for 30 minutes. Collagenolytic
activity was evidenced by clear (unstained) bands.

For immunodetection of MMPs and TIMPS, wound flu-
ids were size-fractionated in 15% sodium dodecyl sul-
fate-polyacrylamide gel by electrophoresis, with equal
amounts of protein loaded in each lane. Proteins were
transferred to a nitrocellulose membrane, incubated in
blocking buffer, and probed with the antibody of interest.
Appropriate peroxidase-conjugated secondary antibody
was added for detection. Antibodies and antibody dilutions
used for Western blotting included: MMP-2, rabbit poly-
clonal, 1:500 (Santa Cruz Biotechnology, Santa Cruz, CA);
MMP-3, rabbit monoclonal, 1:1000 (Abcam, Cambridge,
MA); MMP-8, rabbit polyclonal, 1:500 (Santa Cruz); MMP-
13, rabbit polyclonal, 1:500 (Santa Cruz); TIMP-1 and
TIMP-3, mouse monoclonals, 1:500 (Chemicon, Billerica,
MA); TIMP-3, rabbit polyclonal, 1:2000 (Abcam); and
TIMP-4, rabbit polyclonal, 1:750 (Abcam).

Cytokine Measurement

Wound fluid cytokine concentrations were measured by
enzyme-linked immunosorbent assay. IL-1�, IL-1�, IL-6,
IL-10, IL-12p70, interferon-�, and transforming growth
factor (TGF)-� assay kits were purchased from BD
Biosciences. CCL5, CCL17, and vascular endothelial
growth factor assay kits were from R&D Systems. A
monoclonal hamster anti-mouse tumor necrosis factor
(TNF)-� antibody (BD Biosciences) and a polyclonal
rabbit anti-mouse TNF-� antibody (Pierce Biotechnol-

ogies, Rockford, IL) were used for TNF-� enzyme-
linked immunosorbent assay.

Wound cells taken from animals 1 day after injury were
incubated (106 cells/ml) in RPMI (BD Biosciences) with
1% fetal bovine serum and 100 U/ml penicillin-streptomy-
cin for 6 hours in the presence of Brefeldin A (1 �l/106

cells, Golgiplug; BD Biosciences). Cells were stained for
intracellular TNF-�, using an anti-CD68 antibody for the
identification of wound neutrophils and macrophages, as
described previously.7,10 Cells were analyzed using a
Becton-Dickinson FACSort with CellQuest software (BD
Biosciences).

Statistical Analysis

Data shown are means � SD from a representative of
replicate experiments, unless otherwise indicated, with
the number (n) of subjects noted. Data were analyzed by
Mann Whitney’s U-test or analysis of variance-Holm (se-
quential Bonferroni), as specified. Wound fluid cytokine
results were log-transformed before statistical analysis to
account for unequal variance.

Figure 1. IL-1 signaling is essential for the fibrotic response seen in deep tissue
sterile wounds. PVA sponges were implanted into IL-1R KO or wild-type mice
and harvested 14 days later. A: Low-power photomicrographs of trichrome-
stained sponge wounds. Sponge material stains lightly, whereas fibrotic tissue
appears dark blue. Sirius red staining confirmed that the areas of fibrosis stained
by trichrome reflect collagen deposition (not shown). Overlying skin is oriented
to the right. B: Quantitative histomorphometric analysis of the sponge wounds,
expressed as total area of fibrosis per microscopic field and depth of fibrotic
buds. n � 6 animals per group, Mann Whitney’s U-test (P � 0.05).

Table 1. Inflammatory Cellular Infiltration of Deep Tissue
Wounds in Wild-Type and IL-1R KO Mice

Group Day 1 Day 5 Day 10 Day 14

Wild type 1.3 � 0.4 3.2 � 0.7 5.9 � 0.9 6.2 � 1.7
IL-1R KO 1.3 � 0.3 2.8 � 0.8 5.2 � 1.1 6.2 � 1.1

PVA sponges were implanted into wild-type or IL-1R KO animals.
Wound cells were retrieved and counted at days 1, 5, 10, and 14 after
injury. Data are mean number of wound cells per animal (�106) � SD.
n � 3 animals per group. The total number of inflammatory cells was
not different between groups at any time point tested (analysis if
variance).
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Results

IL-1R Deficiency Does Not Alter Cellular
Infiltration in Deep Tissue Wounds but Reduces
Fibrosis

Previous reports demonstrated reductions in inflammatory
cell infiltration in sterile peritonitis and in myocardial infarc-
tion in IL-1R KO mice.1,2,4 This was not the case in deep

tissue wounds. Results presented in Table 1 demonstrate
that the number of inflammatory cells in deep wounds from
IL-1R KOs harvested at 1, 5, 10, and 14 days after wound-
ing was the same as that in wild-type animals. Moreover,
differential wound cell counts did not differ between groups
at any time (not shown), and confirmed the normal temporal
progression of the cellular infiltrate of the wound from a
neutrophil-predominant phase to one containing mostly
macrophages.7

Wild-type and IL-1R KO mice differed markedly in their
fibrotic response to the deep tissue wounds (Figure 1A).
Wounds in IL-1R-deficient animals had threefold less fi-
brosis than those in wild-type mice, and the maximal
depth of fibrotic invasion into the sponge was reduced by
45% in the IL-1R KOs, 14 days after wounding (Figure
1B). Similar reductions in fibrosis were seen 5 and 10
days after sponge implantation (not shown).

Collagenolytic Activity and Accumulation of
MMPs and TIMPs in Wound Fluids from
Wild-Type and IL-1R KO Mice

The collagenolytic activity of wound fluids obtained 1 to 14
days after wounding was examined using zymography on
rat collagen 1 gels. Figure 2A shows more collagenolytic
activity in wound fluids harvested 1 day after wounding than
in those retrieved at later times, and no differences between
fluids from wild-type and IL-1R KO mice at any time point.
The accumulation of selected MMPs and TIMPs 1 to 4 were
determined by Western blotting in the same wound fluids
used for zymography (Figure 2B). There were no detectable
differences between the accumulation of any of the exam-
ined proteins in wound fluids from wild-type mice and those
from IL-1R KOs. TIMP3 and 4 were found to be segregated
in time, with most TIMP-3 detected in fluids harvested in the
first postwound day, and TIMP-4 in samples harvested in
postwound days 10 and 14.

Cytokine/Chemokine Concentrations in Wound
Fluids from Wild-Type and IL-1R KO Animals

The cytokine profile of wound fluids obtained from IL-1R
KO and wild-type animals was examined to further define
the impact of IL-1R deficiency on the wound environment.
As first reported from this laboratory,11 IL-6 was present

Figure 2. Zymographic analysis and immunodetection of MMPs and TIMPs in
wound fluids from wild-type and IL-1R KO mice. PVA sponges were implanted
into IL-1R KO or wild-type mice and harvested 1 to 14 days later. A: Pooled
wound fluids from three animals at each time point were used for zymography
using rat collagen type 1 as substrate. B: Immunoblots for selected MMPs and
TIMPs were performed using the same wound fluids used in the zymographic
analysis.

Table 2. Cytokine Concentrations in Wound Fluids from Deep Tissue Wounds in Wild-Type and IL-1R KO Animals

Day 1 Day 3 Day 5 Day 10 Day 14

IL-6 (ng/ml)
wt 73 � 9 0.7 � 0.2 0.5 � 0.2 0.5 � 0.2 3.8 � 3.0
KO 18 � 6* 0.2 � 0.1* 0.2 � 0.1* 0.1 � 0.1* 0.1 � 0.1*

TGF-� (pg/ml)
wt 8 � 0.5 9 � 0.7 14 � 0.5 29 � 2.5 33 � 5.6
KO 5 � 0.5* 9 � 1.1 16 � 2.2 24 � 2.8 33 � 4.1

VEGF (pg/ml)
wt 137 � 17 ND 237 � 6 444 � 87 289 � 67
KO 68 � 17* ND 397 � 121 540 � 31 489 � 192

Wound fluids were recovered from PVA sponges implanted in wild-type (wt) or IL-1R KO mice (n � 3 animals per group per time point). Cytokine
concentrations were determined by ELISA. ND � not determined. Results were analyzed by analysis of variance-Holm.

*P � 0.05 versus wild-type animals.
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at its highest concentration in day 1 wound fluids, and
rapidly declined thereafter (Table 2). Wound fluids from
IL-1R KO animals contained less IL-6 than those from
wild-type at all examined time points, and less TGF-� and
vascular endothelial growth factor 1 day after wounding.
The concentrations of TNF-�, IL-1�, IL-10, IL-12p70, in-
terferon-�, and CCL5 showed no temporal variation and
were not different in wild-type and KO mice (not shown).

IL-6 Replacement Does Not Increase Wound
Fibrosis in IL-1R KO Mice

IL-6 has been shown to exert profibrotic effects in wounds
(see Discussion). Because of its marked and persistent
reduction in wounds in IL-1R KO mice, experiments exam-
ined whether the administration of mrIL-6 into the wounds

would revert the anti-fibrotic phenotype detected in these
animals. Neither the implantation of sponges containing 0.1
or 1 �g of mrIL-6 per sponge, nor the continued infusion of
the cytokine for 3 days at 0.1 �g/hour increased wound
fibrosis in IL-1R KO animals (control IL-1R KO: area of
fibrosis 2.5 � 0.9%, depth of fibrosis 19.3 � 8.6% of sponge
material; mrIL-6-infused IL-1R KO: area of fibrosis 2.5 �
0.9%, depth of fibrosis 14.8 � 3.1% of sponge material, P �
0.05 for both measurements, n � 3 to 4 animals per group).

The Delivery of the IL-1R Antagonist Anakinra
into Deep Wounds Reproduces the Reduction
in Wound Fibrosis Found in IL-1R KO Mice

Sponge wounds were fitted with osmotic pumps deliver-
ing Anakinra (5 mg/kg/hour) or carrier solution and im-

Figure 3. Administration of the IL-1R antagonist
Anakinra recapitulates the diminished fibrotic
response seen in IL-1R KOs. PVA sponges of
equal size and weight were implanted in wild-
type animals fitted with osmotic pumps deliver-
ing either the IL-1R antagonist (IL-1-Ra) Anak-
inra (5 mg/kg/hour) or carrier solution. Sponges
were harvested at 14 days and processed as
described in the Materials and Methods. A: Mac-
ro- and trichrome-stained microphotographs of
sponges from control or IL-1R antagonist-treated
mice. B: Quantitative histomorphometric analy-
sis of the area and depth of fibrosis, expressed
as a percentage of total sponge area and depth.
n � 5 animals per group. Mann Whitney’s U-test
(P � 0.05).

Figure 4. Influence of IL-1 signaling on the repair of incisional wounds. Cutaneous dorsal midline linear incisional wounds were created in IL-1R KO and wild-type
animals. Pelts containing the incision were harvested at 14 days, processed for histology, and stained with H&E. A: Photographs of representative skin wounds.
B: Photomicrographs of cross sections through the wound. C: Photomicrographs of the epidermal/dermal junction at the repair site. D: Histomorphometric
analysis of healing incisional wounds. n � 6 animals per group. Mann Whitney’s U-test (P � 0.05).
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planted into wild-type animals. Gross and microscopic
examination of the sponges 14 days after wounding re-
vealed less fibrotic invasion into the sponge material in
Anakinra-treated wounds (Figure 3A). Histomorphometric
analysis of the wounds demonstrated that the IL-1R an-
tagonist reduced the area and depth of fibrosis by more
than twofold over controls (Figure 3B).

Improved Restoration of Skin Architecture in
Wounds from IL-R KO Mice

Figure 4 shows healing of incisional skin wounds in wild-
type and IL-1R KO mice. Macroscopic examination of the
wounds showed improved wound healing in the IL-1R KOs,
with closer approximation and decreased elevation of the
wound edges (Figure 4A). Microscopically, wounds from
wild-type animals were not fully epithelialized by 14 days
after injury, whereas those in IL-1R KO were covered by
normal epidermis (Figure 4, B and C). Quantitative histo-
morphometric analysis of the wounds demonstrated a 70%
reduction in inflammatory cell infiltration, diminished epider-
mal thickening, and decreased area and depth of scarring
in samples harvested from IL-1R KO versus wild-type mice
(Figure 4D). Overall, wounds in IL-1R KOs showed a more
complete and consistent return toward normal skin archi-
tecture than those in wild-type animals.

As previously reported by Graves and colleagues,12 ex-
cisional skin wounds in wild-type and IL-1R KOs closed at
equal rates (Figure 5, A and B). By 14 days, the wounds
were completely closed in all animals in both groups. Just
as in the incisional wounds, however, there were differences
in the quality of wound repair, as healed wounds from IL-1R
KOs contained fewer total inflammatory cells, had de-
creased maximal epidermal thickness, and exhibited re-
duced width and depth of scar formation (Figure 6, A–C).

IL-1R Deficiency Does Not Impair the Tensile
Strength of Skin Wounds

The development of tensile strength was investigated in
incisional wounds in wild-type and IL-1R KO mice by
mechanical testing. Microscopic examination revealed
identical structure and thickness in normal, uninjured skin
from wild-type and IL-1R KO mice (not shown). Results in
Figure 7, A–C, show that the tensile strength of wounded
and normal skin from IL-1R KOs did not differ from wild-
type controls.

Discussion

Experiments reported here were undertaken to investi-
gate the role of IL-1 signaling in the constitution of the
inflammatory cellular infiltrate and the healing response
that follows cutaneous and deep tissue wounds in mice.
Incisional and excisional skin wounds, and an implanted
PVA sponge wound model were used in these studies.
The subcutaneous implantation of PVA sponges initiates
a response that chronologically duplicates mammalian
wound healing, with an initial vigorous sponge infiltration

by neutrophils and macrophages, followed by an angio-
genic/fibrotic phase that culminates in the encasement of
the sponge by a collagenous capsule.6,7,13 It models for
deep tissue wounds and avoids potential epithelial-mes-
enchymal signal involvement in the healing response.

The most salient findings of the current studies were
the reductions in inflammatory cell infiltration, epidermal
hyperplasia, and fibrosis found in incisional wounds in
IL-1R KOs. In addition, IL-1R KOs had a marked de-
crease in fibrosis in deep tissue wounds. Most impor-
tantly, the administration of the IL-1R antagonist Anakinra
reproduced the antifibrotic phenotype of IL-1R KOs. Al-
though a decrease in fibrotic responses through the use
of IL-1R antagonists would be of substantial clinical rel-
evance in the prevention or treatment of hypertrophic
scars, keloids, and other fibrotic diseases, a reduction in
the capacity to heal wounds would clearly be undesir-

Figure 5. The rate of cutaneous excisional wound closure is independent of
the IL-1 signaling pathway. Bilateral dorsal 6-mm cutaneous excisional
wounds through the panniculus carnosus were created in IL-1R KO and
wild-type animals. A: Digital photographs from a standardized stage were
taken at 3-day intervals and total wound area calculated. Shown here are the
wounds of one representative wild-type mouse throughout time. B: Rate of
wound closure in wild-type and IL-1R KO mice. n � 6 animals per group.
There were no differences in the rate of wound closure at any time point
(analysis of variance).
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able. In this regard, results demonstrate that neither the
healing rate of excisional skin wounds nor the develop-
ment of tensile strength in incisional skin wounds was
affected in IL-1R KO mice.

The lack of IL-1 signaling in IL-1R KOs and in those
receiving Anakinra may provide, in itself, a direct mech-
anism for the observed changes in repair. In this regard,
an increase in the production of IL-1 in injured murine and
human skin has been reported.14,15 Moreover, IL-1 has
been shown to induce the migration of inflammatory cells
and keratinocytes in vivo.16–18 In addition, IL-1 stimulates
fibroblast proliferation19 and the synthesis of fibronectin,
collagen, metalloproteases (MMPs), and tissue inhibitors
of metalloproteases (TIMP).20 –22 IL-1 also promotes

the production of profibrotic cytokines, including
TGF-� and IL-6.23

Present findings do not appear to have resulted from a
reduction in inflammatory cell migration into wounds be-
cause the number of such cells was not altered by IL-1R
deficiency or blockade by its antagonist in deep tissue
wounds, and yet these showed marked reductions in
fibrosis. Results are also unrelated to enhanced collag-
enolytic activity in the wound environment in the KO
animals because zymographic analysis on collagen and
Western blotting for MMPs and TIMPs in wound fluids 1 to
14 days after wounding did not reveal differences be-
tween wild-type and IL-1R KOs.

Failure to detect differences in collagenolytic activity
suggests that the reduced fibrosis found in IL-1R KOs
may have resulted from a reduction in collagen synthesis.
In this regard, IL-6 is endowed with profibrotic activi-
ties.24,25 Its marked and persistent reduction in wounds
in IL-1R KOs was considered as a potential mechanism
for the reduced collagen accumulation found in these
animals. However, the direct infusion of murine rIL-6 into
sponge wounds failed to increase collagen deposition in
IL-1R KOs. It is conceivable that both IL-1 and IL-6 are
required simultaneously for fibrotic repair, or alternatively,
that the scarring effects of IL-6 are mediated through
IL-1. It is also possible that the dose and/or administration
schedule for IL-6 delivery into the wounds failed to repro-
duce a physiological response.

Deep tissue wounds in IL-1R KO mice contained less
TGF-� and vascular endothelial growth factor than those
in controls 1 day after wounding. This early reduction in
these profibrotic/angiogenic mediators found in the KO
animals could have resulted in decreased fibrotic re-
sponse to deep wounds seen 5 or more days after injury.
Contrasting findings in deep tissue wounds, the reduced
fibrosis and improved outcome in skin wounds in IL-1R

Figure 6. IL-1 signaling affects the quality of repair in excisional wounds. Cutaneous excisional wounds were created in IL-1R KO and wild-type animals. Wounds
were harvested at 14 days, after complete closure. A: Photomicrographs of cross sections through the scar. B: Photomicrographs of the epidermal/dermal junction
at the healed excisional wound site. C: Histomorphometric analysis of healed excisional wounds. n � 6 animals per group. Mann Whitney’s U-test (P � 0.05).

Figure 7. IL-1 signaling does not regulate the development of tensile
strength in linear incisional wounds. Dorsal midline linear cutaneous inci-
sional wounds were created in IL-1R KO and wild-type mice. Pelts containing
the incision and uninjured skin were harvested at 14 days. A: Diagram of the
skin samples including the healing wounds that were used for mechanical
testing. B: Representative stress-time tracing of a mechanical test of wounded
skin. C: Table summarizing the tensile strength of uninjured and wounded
samples from IL-1R KO and wild-type skin. n � 6 mice per group, 3 skin
samples per mouse. Mann Whitney’s U-test.
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KOs were associated with substantial reduction in inflam-
matory cell infiltration. In this, results mirror those in sterile
peritonitis and in myocardial infarction in which IL-1R
deficiency markedly reduced inflammatory cell accumu-
lation at the site of injury.1,2,4 Together with those in deep
wounds, these observations suggest that the effects of
IL-1 on the cellular response to tissue injury differ de-
pending on site-specific characteristics of the wound
environment. As mentioned earlier, the deep tissue
wound resulting from the implantation of PVA sponges does
not allow for contact between wounded tissue and the skin.
This characteristic of the model may have prevented poten-
tial IL-1-mediated epithelial-to-mesenchymal signaling from
regulating the inflammatory response.26

Although no direct evidence was found on the ultimate
mechanisms responsible for the observations reported
here, the biological relevance of present findings is en-
hanced by the demonstration that the local delivery of a
Food and Drug Administration-approved IL-1R antago-
nist can markedly reduce the fibrotic response to tissue
injury. It is easily conceivable that a therapeutic applica-
tion could emerge from these observations, in which the
IL-1R antagonist would be delivered locally to wounds
with high potential for severe adverse cosmetic or func-
tional outcomes (such as those after burns or inflicted in
the course of the surgical removal of facial keloids), min-
imizing the potential immunosuppressive risks that can
be associated with its systemic administration.
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