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Integrin �v�6 is an epithelial cell-specific receptor
that is not normally expressed by resting epithelium
but its expression is induced during wound healing.
The function of �v�6-integrin in wound repair is not
clear. In the present study, we showed that �6-inte-
grin expression was strongly up-regulated in the epi-
dermis in human chronic wounds but not in different
forms of skin fibrosis. To test whether increased �6-
integrin expression plays a role in abnormal wound
healing we developed four homozygous transgenic
mouse lines that constitutively expressed human �6-
integrin in the epithelium. The mice developed nor-
mally and did not show any histological abnormali-
ties in the skin. The rate of experimental skin wound
closure was unaltered and the wounds healed without
significant scar formation. However, during breeding
program 16.1 to 27.0% of transgenic mice developed
spontaneous, progressing fibrotic chronic ulcers. None
of the wild-type animals developed these lesions. The
chronic lesions had areas with severe fibrosis and nu-
merous activated macrophages and fibroblasts express-
ing transforming growth factor (TGF)-�. The level of
TGF-�1 was significantly increased in the lesions as
compared with normal skin. The findings suggest that
increased �v�6-integrin in keratinocytes plays an active
part in abnormal wound healing possibly through a
mechanism involving increased activation of TGF-�.
(Am J Pathol 2004, 164:229–242)

Normal wound healing requires coordinated function of
epithelial, inflammatory, and connective tissue cells. Dis-
ruption of this interplay may lead to abnormal or deficient

wound healing. The interaction of inflammatory and con-
nective tissue cells in wound healing has been well doc-
umented. Interestingly, recent studies have also indi-
cated that epithelium regulates inflammation and
connective tissue formation. For example, keratinocytes
can modulate dermal fibroblast functions including col-
lagen synthesis1–3 and altered function of epithelial cells
may contribute to onset of psoriasis.4,5

Cell adhesion receptors of the integrin family play a major
role in the regulation of keratinocyte function and in wound
healing. Integrins are heterodimeric adhesion molecules
that are composed of an �- and �-subunit. Integrins play a
role in initiating intracellular signaling cascades in response
to extracellular ligands, participate in growth factor activa-
tion, and collaborate with growth factor receptor signaling.6

On wounding, integrin expression by keratinocytes is up-
regulated and they also start to express novel integrins,
including �v�6.6–8 The function of �v�6-integrin in wound
healing is not known. In cell culture, �v�6-integrin facilitates
cell adhesion and migration on fibronectin, vitronectin, and
tenascin that are components of the early wound provi-
sional matrix.9–13 Early expression of �v�6-integrin during
keratinocyte migration into wound suggests that �v�6-
integrin may regulate this process also in vivo.8,13–15 How-
ever, �6-integrin-deficient mice did not show any change in
wound closure rate.16,17 Although �v�6-integrin is ex-
pressed by migrating keratinocytes in early wounds, the
maximal expression coincides with basement membrane
and granulation tissue formation when the migrating edges
of the wound epithelium have joined.8,13,18 The temporal
localization of �v�6-integrin in epithelium suggests that
�v�6-integrin may also be involved in epithelial cell differ-
entiation, regeneration of basement membrane, regulation
of inflammatory reaction, and formation of granulation tis-
sue. Interestingly, integrin �v�6 can localize transforming
growth factor (TGF)-�1 to cell surface by binding to the
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Department of Oral Biological and Medical Sciences, Laboratory of Peri-
odontal Biology, University of British Columbia, 2199 Wesbrook Mall,
Vancouver, BC, Canada V6T 1Z3. E-mail: lhakkine@interchange.ubc.ca.

American Journal of Pathology, Vol. 164, No. 1, January 2004

Copyright © American Society for Investigative Pathology

229



latency-associated peptide leading to TGF-� activation pre-
sumably by a nearby cell.19 TGF-�1 plays an important role
in wound repair by regulating re-epithelialization, suppress-
ing inflammation, and promoting connective tissue regen-
eration and scar formation.20 In the absence of �v�6-
integrin there seems to be a deficiency of TGF-�1 activation
by the epithelium leading to exaggerated inflammation in
response to injury or infection. Transgenic mice with tar-
geted deletion of �6-integrin developed excess lung inflam-
mation that was reversed by restoring �6 expression,11 and
they were compromised in their ability to mount an inflam-
matory response to experimental infection in the gut.21 Ac-
tivated TGF-�s may also regulate other cellular functions
critical for wound healing, including integrin expression, cell
migration, proliferation, differentiation and, matrix synthesis
and degradation, in an autocrine or paracrine manner.22–24

Chronic, nonhealing wounds are characterized by defi-
cient re-epithelialization and excess formation of granulation
tissue. This is associated with ongoing inflammation that
maintains the chronic state and prevents healing.25 On the
other hand, hypertrophic scars and skin fibrosis result from
excess healing response and associate with increased
TGF-�1 expression and activation. This leads to enhanced
extracellular matrix production by fibroblasts and excess
matrix accumulation.26,27 We hypothesized that prolonged
expression of �v�6-integrin expressed by keratinocytes
may lead to abnormal healing. To this end, we studied the
expression of �v�6-integrin in human aberrant wound heal-
ing (chronic wounds and hypertrophic scars) and skin fi-
brosis. The findings showed that in human chronic skin
wounds, but not in hypertrophic scars or in skin fibrosis,
expression of �v�6-integrin was up-regulated in the epithe-
lium. The �v�6-integrin-expressing keratinocytes were in
close proximity with activated fibroblasts in the underlying
connective tissue. To study the function of �v�6-integrin in
wound healing, we created transgenic mice harboring hu-
man �6-integrin gene under the control of cytokeratin 14
promoter to target constitutive expression of �v�6-integrin
in the epidermal basal cells. The homozygous mice showed
normal wound repair speed, and wound healing did not
result in scar formation. However, during breeding of the
colony, the transgenic animals developed (unlike wild-type
mice) spontaneous chronic wounds that were surrounded
by progressing fibrosis. These lesions were characterized
by numerous activated fibroblasts and macrophages and
abundant expression of TGF-� in connective tissue under-
neath the �v�6-integrin-expressing epithelial cells. In
chronic lesions from transgenic animals, the level of TGF-�1
was significantly increased. These findings suggest that
epithelial integrin �v�6 plays a role in abnormal wound
healing possibly through its ability to activate TGF-� and
thereby control cell recruitment and matrix deposition.

Materials and Methods

In Situ Hybridization

A 2.6-kb cDNA containing the entire coding region for
human �6-integrin was subcloned into pCDNAIneo plas-
mid.28 The construct was linearized with PvuII so that a

505-bp anti-sense probe corresponding to nucleotides
2139 to 2644 was obtained using sp6 polymerase
whereas linearization with SspI and transcription with T7
gave a 721-bp sense probe corresponding to nucleo-
tides 211 to 932. The specificity of the probe was deter-
mined by sequencing.28 The production and specificity
of the anti-sense human stromelysin-2 probe used as
positive control in the experiments has been described.29

The cDNAs were transcribed in vitro using a commercial
kit (Promega Corp., Madison, WI) and labeled with 35S-
UTP, as previously described.30

Samples of fibrotic and chronic nonhealing wounds
and normal skin wounds were obtained from patients of
the Department of Dermatology, University of Helsinki,
Helsinki, Finland. The procedures were approved by the
corresponding ethical committee. The tissue biopsies
were fixed in 10% formalin and processed for paraffin
embedding. In situ hybridization was performed as de-
scribed in detail elsewhere.31 After deparaffinization and
rehydration, 5-�m sections cut from paraffin blocks were
pretreated with proteinase K and washed in 0.1 mol/L of
triethanolamine buffer containing 0.25% acetic anhy-
dride. The sections were covered with 25 to 70 �l of
hybridization buffer containing 4 � 104 cpm/L of 35S-
labeled anti-sense or sense RNA probe and incubated at
50 to 55°C in a humidified chamber for 18 hours. After
hybridization, the slides were washed under stringent
conditions, including treatment with RNase A to remove
unhybridized probe. After 30 to 50 days of autoradiogra-
phy, the photographic emulsion was developed, and the
slides were stained with hematoxylin and eosin (H&E). All
samples were processed in at least two experiments. The
samples were examined under dark-field illumination and
the bright-field view of a microscope. Samples previously
positive for stromelysin-2 (chronic human wounds) were
used as positive controls. No signal was detected with
the sense �6-integrin probe.

Transgenic Mouse Construction

The entire (2.6 kb) coding region of human �6-integrin
cDNA28 was inserted into pUC19 plasmid downstream of
the cytokeratin 14 promoter to generate pUC19K14-h�6
plasmid. The 5.0-kb K14-h�6 expression cassette was
then removed from the plasmid by digestion with XhoI
and SalI. The expression cassette was injected into fer-
tilized oocytes from FVB/N F0 mice.32 Founders harbor-
ing the transgene in their genome were crossbred back
to establish lines of wild-type, homozygous, and het-
erozygous animals. Animals were kept in an established
12 hour:12 hour light:dark cycle in the animal facility.

Southern Blotting

We used Southern blotting to screen for the presence of
the transgene in F1 or later generation animals and to
determine the copy number of the transgene. Genomic
DNA from mouse tail snips was isolated and digested
with BamHI, which cuts twice to yield a 2.6-kb band.
Digested DNA (4 �g) was electrophoresed on 1% aga-
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rose gel, blotted onto nylon, and probed with a human
�6-integrin probe consisting of a 2.6-kb NotI fragment of
the human �6-integrin insert. Copy numbers were deter-
mined as previously described.32

Polymerase Chain Reaction

Newborn mice were euthanized with inhalation of CO2,
and their skins were collected and homogenized on liq-
uid nitrogen. Total RNA was isolated using Trizol (Life
Technologies, Inc., Gaithersburg, MD) followed by diges-
tion with DNase I and purification with the RNeasy kit
(Qiagen, Valencia, CA). A reverse transcriptase-polymer-
ase chain reaction kit (Life Technologies, Inc.) was used
to amplify 0.25 �g of total RNA to cDNA using two prim-
ers specific for human �6-integrin to yield a 245-bp band:
5�-TCTGGAGTTGGCGAAAGG-3� (5� primer) and 5�-TC-
CACCGGGTAGTCCTCA-3� (3� primer). Amplified DNA
fragments were analyzed by electrophoresis through
0.8% agarose gel. As a positive control, total RNA iso-
lated from human keratinocytes treated with TGF-�1 was
used.12 Negative control was RNA from the skin from
homozygous animals that was not reverse-transcribed.

Excisional Wound Healing in Transgenic Mice

All animal studies were conducted in compliance with
Canadian Council on Animal Care guidelines and ap-
proved by the University of British Columbia Animal Care
Committee. Mice were anesthetized with inhalation of
halothane (MTC Pharmaceuticals, Cambridge, Ontario,
Canada) and the dorsal skin shaved and then depilated
(Nair Cantor Horner, Inc., Mississauga, Ontario, Canada).
Four full-thickness, 4-mm bunch biopsy wounds were
created on the dorsal surface of age- and sex-matched
adult (more than 3 months old) wild-type and homozy-
gous mice (�6F1, �6F2, �6F3, and �6F4). The normal
skin was collected for histology and immunohistochem-
istry. At days 1, 3, 4, 6, 10, 12, 14, 28, 30, 44, 58, and 210
after wounding six to eight animals in each group were
euthanized by CO2 inhalation, and the wounds including
5 mm of surrounding unwounded skin, as well as sam-
ples of normal tail and ear skin were collected.

At the time of wounding and at days 3, 4, 8, and 12
after wounding, standardized images of 8 to 16 wounds
in wild-type and �6F1-transgenic animals were recorded
using a digital camera for analysis of wound closure rate.
The surface areas of the wounds were quantitated by
using NIH Image software.

Wound Breaking Strength

The wound strength was measured by using a previously
described method with slight modifications.33 Briefly, for
each time point, a 20-mm long full-thickness incisional
wound was made to the standardized area of the mid-
back in 8 to 14, 4-month-old, sex-matched wild-type and
h�6F1 mice, and the wounds were closed using two
surgical clips. After 4, 7, and 14 days the mice were
sacrificed and the entire dorsal pelt was excised and cut

into a standardized transverse strip perpendicular to the
original wound. Unwounded skin collected as above
served as control. Perpendicular breaking strength of the
wounded or unwounded skin was then measured using
an Instron 4301 tensometer with a 500-N maximum load
cell (Instron Corp., Canton, MA) and analyzed using Se-
ries IX (version 8.12) software (Instron).

Histochemistry and Immunohistochemistry

TGF-�1, -2, and -3 were localized with a monoclonal
antibody recognizing the active forms of TGF-�1, -�2,
and -�3 (R&D Systems, Inc., Minneapolis, MN). Myofibro-
blasts were localized with a monoclonal antibody against
�-smooth muscle actin (1A4; Sigma Chemical Co., St.
Louis, MO). To localize macrophages, sections were
stained with a monoclonal antibody F4/80 (Serotec Inc.,
Raleigh, NC). Activated fibroblasts in human paraffin sec-
tions were stained with a rat antibody to N-terminus of the
type I procollagen (PC-1) molecule (mAb 1912; Chemi-
con, Temecula, CA). In frozen mouse sections, human
�6-integrin was localized with a monoclonal rabbit anti-
body (B1) against human �v�6-integrin.11 This antibody
recognizes both the human and mouse �6-integrin sub-
unit. Cytokeratin 14 was stained with a monoclonal anti-
CK14 antibody (LL002, Serotec, Inc.). To localize �v
integrin subunits in mouse tissues, a polyclonal anti-�v
antibody was used (Ab 1930, Chemicon).

Immediately after collection, fresh tissue samples were
mounted in Histoprep (Fisher Scientific, New Jersey, NJ)
and snap-frozen in liquid nitrogen. Frozen sections (6
�m) were cut and fixed with �20°C acetone for 5 minutes
and stored at �70°C until used for staining. A set of
samples were fixed for 2 hours with 10% formalin and
processed for paraffin embedding. After deparaffiniza-
tion and rehydration, 5-�m sections cut from paraffin
blocks were used for staining.

Immunostaining was performed using the avidin-bi-
otin-peroxidase complex or immunofluorescence tech-
niques.13 The sections were incubated in 0.3% hydrogen
peroxide in methanol for 30 minutes and washed in phos-
phate-buffered saline (PBS) containing 0.1% bovine se-
rum albumin (BSA; Sigma Chemical Co.). Sections were
rinsed and incubated with normal blocking serum (Vec-
tastain; Vector Laboratories, Burlingame, CA) for 60 min-
utes at room temperature and then incubated with the
primary antibody in PBS/BSA in a humid chamber at 4°C
for 16 hours. To stain macrophages, slides were pre-
treated with Proteinase K (Sigma) 20 �g/ml in 50 mmol/L
of PBS (pH 7.4) for 5 minutes at room temperature before
staining. After washing with PBS/BSA, sections were in-
cubated with an appropriate biotinylated secondary an-
tibody for 60 minutes and then reacted with ABC avidin/
peroxidase reagent (Vectastain Elite kit, Vector
Laboratories). Chromogen was developed using diami-
nobenzidine (Chemicon) or VIP (Vector Laboratories) as
chromogenic substrate and hematoxylin as counterstain.
Reactions were monitored until suitable color develop-
ment was achieved and then washed with distilled water.
The sections were mounted using Permount (Fisher Sci-
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entific, Pittsburgh, PA). After immunostaining with the
anti-�v integrin antibody, sections were incubated with a
fluorescent secondary antibody (Alexa 546; Molecular
Probes Inc., Eugene, OR) and mounted with cyanoacry-
late glue (Krazy Glue). Control sections were stained as
above but the incubation with the primary antibody was
omitted.

A set of paraffin sections of mouse skin samples were
stained with H&E, phosphotungstic acid hematoxylin,
Gomori’s methenamine silver, periodic acid-Schiff, or
acid fast stains using standard methods.

Analyses of TGF-�

Viscose cellulose sponges (Cellomeda Oy, Turku, Fin-
land) were used as an inductive matrix for connective
tissue formation.34,35 Two pieces of sponge (0.5 � 0.5
cm) were implanted into the dorsal skin of each of the
control animals and �6F1- to �6F4-transgenic mice (four
age- and sex-matched adult animals in each group).
Sponges were removed after 21 or 36 days and sub-
jected to analysis for TGF-�. Normal skin from wild-type
transgenic animals was used as a control. The amount of
biologically active TGF-� in granulation tissue sponges
was studied as described previously using the plasmin-
ogen activator inhibitor-I/luciferase assay.36 For this pur-
pose, cellulose sponges were homogenized on liquid
nitrogen. TGF-� was extracted by eluting the tissue ho-
mogenates (250 mg of tissue/ml) with serum-free Dulbec-
co’s modified Eagle’s medium containing glutamine (2
mmol/L), pyrogen-free BSA (0.2%), aprotinin (1 �g/ml),
and antibiotics at 37°C for 20 hours. The tissue debris was
then removed by centrifugation. For TGF-� assays, two
samples from each eluate were used. One sample was
analyzed as such representing the proportion of active
TGF-� in tissue. The other sample representing the total
amount (active plus latent) of TGF-� present in the tissue
was heated at 80°C for 5 minutes to activate the latent form
of TGF-�. The granulation tissue eluate samples were
added in duplicate to mink lung epithelial cell culture that
were stably transfected with TGF-�-inducible PAI-1 pro-
moter fused to luciferase reporter gene37 and incubated
overnight in the elution medium at 37°C. Cells were washed
and lysed in Promega passive lysis buffer (Promega, Mad-
ison, WI). The lysates were diluted with PBS containing BSA
(1 mg/ml) and transferred to a 96-well luminometer plate. An
equal volume of Bright-Glo luciferase reagent (Promega)
was added to the samples, and the luciferase activity was
determined using a microtiter plate luminometer (Polarstar/
Fluostar Optima; BMG Labtechnologies Inc., Durham, NC).
The assay system is specific for TGF-�1, -2, and -3 and the
detection limit is �5 to 10 pg/ml.36

To compare the levels of TGF-�1 in skin, normal skin
samples were collected from six wild-type animals, from
eight �6-integrin-overexpressing mice (line �6F1, n � 4;
line �6F2, n � 4) and from chronic lesions from six
�6-integrin-overexpressing mice (line �6F1, n � 3; line
�6F2, n � 3). The samples were immediately frozen in
liquid nitrogen and stored at �80°C until used. For the
analyses, the samples were homogenized by grinding

over liquid nitrogen. The homogenized tissue was
weighted, and the soluble TGF-� was eluted by adding a
fixed weight-per-volume ratio of Dulbecco’s modified Ea-
gle’s medium containing 1 �g/ml aprotinin, 0.1% pyro-
gen-free BSA, and antibiotics (50 �g/ml streptomycin
sulfate, 100 U/ml penicillin) and incubating at 37°C for
overnight with occasional vortexing. Eluents were cleared
of tissue debris by centrifugation. TGF-�1 in the clear
supernatants was activated by acidification and quanti-
tated with Quantikine TGF-�1 immunoassay using human
TGF-�1 as a standard (R&D Systems).

Statistical Analysis

The wound breaking strength of wild-type and transgenic
mice was compared using Student’s t-test. One way anal-
ysis of variance was used to compare wound surface
areas, TGF-� levels, and prevalence of chronic lesions
from different groups of animals. The significance of dif-
ference between samples from �6-transgenic mice and
wild-type mice was analyzed using Bonferroni’s post test.
P values �0.05 were considered significant.

Results

Expression of �6-Integrin in Human Acute and
Chronic Skin Wounds and in Dermal Fibrosis

To analyze whether expression of �6-integrin associates
with fibrosis or chronic wounds, we analyzed expression
of �6-integrin in human samples by in situ hybridization.
In keloids, hyperthrophic scars, scleroderma, and a case
of dermatofibroma, no �6-integrin expression was dem-
onstrated in the epithelium overlying the lesion (Table 1).
However, in 85.7% of samples from nonhealing, chronic
wounds, �6-integrin was expressed by the epithelial cells
(Table 1). These lesions were histologically characterized
by a moderately inflamed open ulcer surrounded with
hypercellular, fibrotic connective tissue. In both areas,
the epithelium was hyperplastic. Most abundant expres-
sion of �6-integrin mRNA localized to the basal keratino-
cytes at the edge of the open wound and overlying fi-
brotic, hypercellular connective tissue distant from the
open wound (Figure 1). In these lesions, �6-expressing
keratinocytes were localized next to fibroblasts that
showed strong intracellular immunoreactivity for type I
procollagen (Figure 1). In acute dermal wounds, �6-
integrin was first expressed 3 days after wounding and
remained up-regulated for at least 9 days (Table 1). The
most abundant expression localized to the basal epithe-
lial cells of the migrating epithelium in early wounds and
to the basal and few suprabasal layers in the joined
wound epithelium (data not shown).

Characterization of the Transgenic Mice

To study whether increased expression of �6-integrin
leads to abnormal wound healing we developed trans-
genic mouse lines that constitutively express human �6-
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integrin (h�6) in the basal keratinocytes. To this end,
fertilized mouse oocytes were microinjected with the K14-
h�6 construct. Screening of progeny by Southern blotting
revealed that six of them carried the h�6 gene. The six
founder mice were mated with normal mice to determine
stability of the transgene. Four founder mice produced
progeny that were heterozygous for the h�6-integrin. The
transgene was inherited autosomally. Mating of heterozy-
gous animals produced homozygous animals that were
further bred to produce four mouse lines (�6F1 to �6F4)
that were homozygous for h�6-integrin. The K14-h�6
transgene in each mouse line was screened by Southern
blotting to confirm the homozygous inheritance and de-
termine the gene copy numbers (Figure 2A). Expression
of h�6-integrin in newborn mouse skin was also con-
firmed by reverse transcriptase-polymerase chain reac-
tion (Figure 2B). The expression of h�6 was further stud-
ied using immunostaining and in situ hybridization (Figure
3). Expression of h�6 gene and positive immunoreactivity
for h�6-integrin was found in the back skin of all �6F1 to
�6F4 animals. The relative expression level was highest
in the �6F1 line in which the copy number of the h�6 gene
was also the highest (Figure 2). The expression of cyto-
keratin 14 and h�6-integrin co-localized in the epidermis
and at the outer root sheath cells of hair follicles (Figure
3). In the epidermis, h�6 immunostaining localized to the
cell membranes of basal and one to two suprabasal cell
layers. Immunostaining of �v integrin co-localized with
h�6-integrin at the basal epithelial cells (Figure 3). In
addition to various locations of skin, basal cells of tongue
epithelium were positive for h�6 expression (data not
shown). Control animals did not express �6-integrin in the
epidermis but some expression in the cells of the outer
root sheath of hair follicles was noted (Figure 3). The
expression of the transgene did not have any apparent
effect on the development, weight, behavior, or fertility of the
animals. Histologically, the skin in newborn and adult trans-

genic mice did not show any alterations as compared with
wild-type animals (Figure 3).

Experimental Wound Healing in Transgenic
Mice

To study whether constitutive expression of �6-integrin in
skin affects wound healing, we created excisional
wounds to the back skin of the transgenic (�6F1 to �6F4)
and normal animals. Wounds in all animals were com-
pletely closed at day 12 after wounding and no difference
was found in the relative wound areas at different time
points (Figure 4A) or in the wound breaking strength
between wild-type and human �6-integrin-transgenic
mice (Figure 4B). In histological examination, no differ-
ences in the re-epithelialization speed, inflammatory re-
action, or reorganization of connective tissue was ob-
served (Figure 5). Both wild-type and transgenic animals
developed collagen-rich wound connective tissue that
was histologically evident by 30 days after wounding
(Figure 5). Macroscopically, the skin in both transgenic
and wild-type animals healed without hypertrophic scar
formation. The results were consistent among different
human �6-integrin-transgenic mouse lines.

To study expression of �6-integrin during wound heal-
ing, we used a rabbit monoclonal antibody that recog-
nizes both human and mouse �6-integrin subunits. In the
wild-type mice, 3 days after wounding the migrating
wound epithelium expressed �6-integrin most abun-
dantly at the basal epithelial cells (Figure 6A). There was
also a weak positive immunoreaction at the cell mem-
branes of suprabasal cells (Figure 6A). Seven days after
wounding when the migratory epithelial fronts had just
joined to cover the wound, basal epithelial cells still ex-
pressed �6-integrin (Figure 6C). At day 14, the expres-
sion of �6-integrin was strongly down-regulated and no

Table 1. Expression of �6-Integrin mRNA in Human Skin Fibrosis and Chronic and Acute Wounds

Lesion n �6-negative �6-positive
Total

n
Total

�6-negative
Total

�6-positive

Fibrosis 33 33 (100%) 0 (0%)
Keloid 17 17 0
Hypertrophic scar 6 4 0 (2; hair follicles)
Scleroderma 9 9 0
Dermatofibroma 1 1 0

Chronic wounds 28 4 (14.3%) 24 (85.7%)
Infected wound 1 0 1
Decubitus 7 0 7
Diabetes 5 0 5
Rheumatoid 1 1 0
Decubitus and rheumatoid 2 0 2
Venous leg ulcer 7 1 6
Well granulating wound 5 2 3

Acute wounds 11 3 (27.3%) 8 (72.7%)
1-day-old 1 1 0 (1; hair follicles)
3-day-old 3 3
4-day-old 3 2 1
6-day-old 1 1
7-day-old 1 1
9-day-old 2 2

Expression of �6-integrin was studied in paraffin-embedded tissue sections by in situ hybridization.
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expression was seen at the 28- or 44-day-old wound
epithelium of the wild-type mice (Figure 6; E, G, and I). In
contrast, expression of �6-integrin was strongly in-
creased at all layers of the early migrating epithelium in
the transgenic animals 3 days after wounding (Figure
6B). Unlike in the control animals, basal and some supra-
basal epithelial cells expressed �6-integrin still strongly
from day 14 until day 28 after wounding (Figure 6, F and
H). After 44 days the wound epithelium was morpholog-
ically identical with unwounded epithelium and ex-
pressed abundantly �6-integrin similar to unwounded ep-
ithelium of the transgenic animals (Figures 6J and 3A,
respectively).

To quantitate the amount of TGF-�1, -2, and -3 in
mouse skin wounds, we placed viscous cellulose
sponges subcutaneously into back skin of �6F1- to �6F4-
transgenic mice and wild-type animals to induce granu-
lation tissue formation. After 21 and 36 days, the sponges
were removed and TGF-� was measured in the sponge
extracts using a luciferase assay. No differences be-
tween wild-type and transgenic animals were found in the
levels of active or latent TGF-� (data not shown).

Development of Chronic Lesions in Transgenic
Mice

During breeding of the colony of transgenic �6 mice, they
started to develop spontaneous chronic lesions (Figure
7). The lesion usually started to develop at �10 to 20
weeks of age and was initially characterized macroscop-
ically by hair loss in the lower back area (Figure 7A).
Throughout time (usually within 22 to 72 weeks) this af-
fected area of skin slowly developed into a fibrotic lesion
that also had areas with open, superficial chronic ulcer-
ations. The lesion was progressive and no regression
was observed. The mice did not usually develop multiple
lesions but the single lesions could become relatively
large in size (Figure 7A). The fibrotic area of skin was very
thick and progressed often to the abdominal area where
it caused constriction (Figure 7A). The prevalence of the
chronic lesions was followed for up to 2 years. The wild-
type mice did not develop chronic lesions (Figure 7B).
Three wild-type mice showed very mild cases of chronic
lesions involving some hair loss and some thickening of

Figure 1. Expression of �6-integrin mRNA (A, D, G) and immunolocalization of type I procollagen (B, E, H) in chronic human skin wounds. Arrowheads
indicate epidermal-dermal junction and arrows indicate fibroblasts that show positive immunoreactivity for type I procollagen. Integrin �6 mRNA is most
abundantly localized at the basal epithelial cells. At close proximity to these cells fibroblasts show strong immunoreactivity to type I procollagen. Occasionally,
nonspecific intracellular staining in keratinocytes was noted in immunostainings with type I collagen antibody (B, E, and H). A–C: Diabetic ulcer; D–E: decubitus
ulcer; G–I: chronic leg ulcer. E, Epithelium; CT, connective tissue; FC, fibrin clot. Asterisk, Collagen fibers. A, D, G: Dark-field image; C, F, I: H&E staining.
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the skin, but these lesions did not progress to form con-
stricting fibrosis. In the transgenic animals, 16.1% (�6F3)
to 27.0% (�6F1) of the animals developed chronic le-
sions. The prevalence was the highest in males of �6F1
mice (50.0%, Figure 7B). The difference in the preva-
lence of chronic lesions was significantly higher (P �
0.0001, Student’s t-test) in human �6-integrin-transgenic
mice (38 of 173 h�6F1, h�6F2, h�6F3, and h�6F4 mice
had lesions) as compared with wild-type mice (none of 64
mice had lesions). When the human �6-integrin-trans-
genic mouse lines were compared individually against
the wild-type mice, h�6F1 (P � 0.01), h�6F2 (P � 0.05),
and h�6F4 (P � 0.01) mouse lines showed significantly
increased prevalence of chronic lesions (analysis of vari-
ance). The difference in the prevalence of the lesions
between h�6F3 mouse line and wild-type mice was not
statistically significant (P � 0.05, analysis of variance).

Histologically, almost all of the lesions from the �6F1-
to �6F4-transgenic mice showed either a superficial ul-
ceration with focal polymorphonuclear neutrophil infiltrate
(Figure 8) or focal hyperkeratosis and granulation tissue
indicative of recent and resolving ulceration. Stainings of
representative lesions with acid fast did not reveal acid
fast bacilli in the lesions (data not shown). Likewise,
Gomori’s methenamine silver and periodic acid-Schiff
stains were negative for microorganisms and fungi in the
dermis (data not shown). The ulcerations were sur-
rounded by hyperplastic epithelium and strongly thick-
ened connective tissue (Figures 8 and 9). The epithelium
covering these fibrotic areas and at the edge of open
wounds expressed �v�6-integrin in the basal and supra-
basal epithelial cells (Figure 9). Strong localization of

�6-integrin mRNA was also demonstrated at the basal
epithelial cells. In connective tissue surrounding the ul-
cerations, all lesions showed a vast expansion of the
papillary and reticular dermis with a mixed infiltrate of
activated fibroblasts and abundant macrophages (Figure
9). Macrophage infiltration was evident in some cases as
deep as the subcutaneous fat. The macrophages in the
dermis were diffusely scattered between fibroblasts and
were not immediately obvious by H&E staining. The con-
nective tissue next to the ulcerations showed abundant
collagen accumulation (Figures 8 and 9) and contained
fibroblasts that showed positive immunoreactivity for
�-smooth muscle actin (Figure 9). Immunostaining with
an antibody against TGF-�1, -�2, and -�3 isoforms local-
ized in the cytoplasms of connective tissue cells in the
fibrotic areas with heavy collagen accumulation. We then
analyzed levels of total TGF-�1 in the healthy skin in
wild-type and �6F1- and �6F2-transgenic animals as
compared with the chronic scars from the same �6-
integrin-overexpressing mouse lines by using the TGF-�1
immunoassay. The chronic lesions from �6-integrin-over-
expressing mice contained significantly higher levels of
TGF-�1 than healthy skin from transgenic and wild-type
animals (Figure 10). No difference in the level of TGF-�1
was found between healthy skin from wild-type and trans-
genic animals (Figure 10).

Discussion

The present study showed that induced expression of
�v�6-integrin associated with chronic human skin
wounds but not with keloids, hypertrophic scars, sclero-
derma, or a single case of dermatofibroma. This sug-
gested to us that expression of �v�6-integrin was either
induced secondarily because of chronic state of the
wound or �v�6-integrin could be actually a contributing
factor for the development of these lesions. The chronic
wounds were characterized by open ulcers that were
surrounded by hypercellular, fibrotic connective tissue. In
these lesions, expression of �6-integrin was localized at
the basal epithelial cells. Underneath the �6-integrin-
expressing keratinocytes, strong immunoreactivity for
type I procollagen localized at the cytoplasms of fibro-
blasts suggesting that the cells were actively secreting
collagen. Integrin �v�6 can bind latent TGF-� to the cell
membrane and induce its activation.19 TGF-� can po-
tently stimulate recruitment and growth of connective
tissue cells and induce collagen deposition by fibro-
blasts.2 Therefore, it is possible that �v�6-integrin-ex-
pressing keratinocytes actively modulate connective tis-
sue cell functions in chronic wounds through activation of
TGF-� and therefore actively contribute to the develop-
ment of the lesions.

To test whether �v�6-integrin plays an active role in
abnormal wound healing, we developed transgenic
mouse lines that constitutively expressed human �6-inte-
grin under the control of cytokeratin 14 promoter. The
localization of human �6-integrin expression in the basal
and some suprabasal epidermal cell layers and in outer
root sheath cells of the hair follicles was consistent with

Figure 2. Southern blotting of mouse genomic DNA for human �6-integrin
gene (A) and reverse transcriptase-polymerase chain reaction detection of
human �6 mRNA from newborn mouse skin (B). WT, Wild-type mice; �6F1
to �6F4, four homozygous h�6-integrin-expressing mouse lines. In A, 10c
and 50c indicate �6-integrin cDNA standards for 10 and 50 gene copies,
respectively.
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previous reports of cytokeratin 14 promoter expression.38

The h�6 integrin was localized at the cell membranes of
keratinocytes and co-localized with endogenous �v inte-
grin. The formation of a heterodimer from �v- and �6-
integrin subunits is the prerequisite for the assembly of a
functional, integral cell membrane �v�6-integrin recep-
tor.39 The transgenic animals did not show any develop-
mental abnormalities and histologically the skin in new-
born and adult animals was unaltered as compared with
wild-type mice. Additionally, the speed of normal wound
healing was unchanged as compared with wild-type
mice. In human cutaneous and mucosal wounds, �v�6-
integrin is up-regulated during early keratinocyte migra-
tion and remains up-regulated at least until day 14 when
re-epithelialization is complete.8,13–15 As in human
wounds, �6-integrin expression was induced by basal
epithelial cells of the migrating epithelium at day 3 but
strongly down-regulated after 14 days of healing. Trans-
genic mice showed, however, increased expression of
�6-integrin in all cell layers of migrating epithelium at day

3 and the expression remained high throughout the heal-
ing period. Thus, although the endogenous �6-integrin
was down-regulated in wound epithelium within 14 days,
the transgene expression remained high at the wound
epithelium during later phases of wound healing. It

Figure 3. Localization of human �6-integrin mRNA (G and H) and immunolocalization of �6-integrin (A and B), cytokeratin 14 (C and D), and �v integrin subunit
(E and F) in human �6-integrin-transgenic (h�6F1) (A, C, E, G, I) and wild-type (B, D, F, H, J) mouse skin. I and J: H&E staining of the corresponding samples
as in G and H. Arrowheads indicate epidermal-dermal junction. Strong expression of h�6-integrin mRNA and immunoreactivity for �6-integrin localizes at the
basal epithelial cells and hair follicles of transgenic mouse skin. Integrin �6 expression and protein co-localizes with endogenous �v integrin subunit and
cytokeratin 14 at the basal epithelial cells. Wild-type animals do not express �6-integrin except for weak immunoreactivity at the outer root sheath cells of hair
follicles. E, Epithelium; CT, connective tissue; HF, hair follicle.

Figure 4. Cutaneous wound healing in wild-type and human �6-integrin-
transgenic mouse skin. A: Quantitation of wound surface areas at different
time points after wounding in wild-type (WT) and in a transgenic (�6F1)
mouse line. B: Breaking strength (load in Newtons at breaking point) of
incisional wounds and nonwounded skin in wild-type and human �6-inte-
grin-transgenic mice (h�6F1) at different time points after wounding. There
were no differences in wound closure rate (wound surface area at different
time points) or in the wound breaking strength between wild-type and
human �6-integrin-transgenic mice.

Figure 5. Histological characterization of cutaneous wound healing in
wild-type (A, C, E, G) and human �6-integrin-transgenic mouse (�6F1) skin
(B, D, F, H) at 3 (A and B), 7 (C and D), 30 (E and F), and 44 (G and H) days
after wounding. I and J: Histological sections of nonwounded skin in wild-
type and in the �6-integrin-transgenic mouse, respectively. Histologically,
both wild-type and transgenic animals showed similar wound healing re-
sponse with complete re-epithelialization at day 7 and formation of collagen-
rich wound connective tissue by day 30 after wounding. A–D and I and J:
H&E staining; E–H: phosphotungstic acid hematoxylin staining. E, Epithe-
lium; CT, connective tissue; GT, granulation tissue; WCT, wound connective
tissue.
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seems obvious, therefore, that the different expression
levels of �v�6-integrin do not modulate normal wound
healing because �6 �/�16 or �6-overexpressing (our
study) animals do not show abnormal wound healing
response. It is possible that �v�6-integrin plays a role
only when wound healing is compromised by infection,
immunosuppression, or other conditions as suggested
by our data from chronic human wounds.

Interestingly, when the mouse colonies were bred,
16.1 to 27.0% of the transgenic mice developed sponta-
neous chronic wounds. Throughout the time these lesions
developed into progressing, fibrotic scars with areas of
nonhealing open ulcerations. In an advanced stage, the
fibrosis caused constriction of the scar tissue that often
progressed to the abdominal region at the time when the
experiment was terminated. We noted that when trans-
genic or control mice were caged together, they occa-
sionally injured each other to the skin in the lower back
during territorial fighting. Therefore, wounding as a result
of territorial fighting may have contributed to the devel-
opment of the chronic wounds in the �6-integrin-overex-
pressing mice. All of the chronic lesions appeared to be
associated with ulcerative trauma and, therefore, it is
possible that superficial infection contributed to the le-
sions. However, no microorganisms or fungi were present
in the histological sections from the lesions.

Figure 8. Histological characterization of superficial ulcer areas in representative chronic, progressing lesions from human �6-integrin-transgenic mice. A, C, E,
and G: H&E staining; B, D, F, H: Phosphotungstic acid hematoxylin staining. A and B: Normal healthy skin from human �6-integrin-transgenic mouse (h�6F1).
C–F: Edge of an open ulceration in a chronic, progressing wound from h�6F1 (C and D) and h�6F2 (E and F) human �6-integrin-transgenic mice. The connective
tissue next to the ulcer is strongly thickened and shows abundant collagen accumulation (asterisk in D and F). The epithelium next to the ulceration can be
thickened (C and D) and/or show hyperkeratosis (E and F). G and H: Mid-ulcer area from the chronic, progressing wound from the h�6F2 mouse. The connective
tissue beneath the superficial ulceration is heavily infiltrated with inflammatory cells. Arrowhead, Open ulcer edge; E, epithelium; CT, connective tissue; HF, hair
follicle; SC, scar tissue; ICT, inflamed connective tissue.

Figure 6. Immunohistochemical localization of �6-integrin in cutaneous
wound healing in wild-type (A, C, E, G, I) and human �6-integrin-transgenic
mouse (h�6F1) skin (B, D, F, H, J). Results show �6-integrin expression at
3 (A and B), 7 (C and D), 14 (E and F), 28 (G and H), and 44 (I and J) days
after wounding. E, Epithelium; FC, fibrin clot; CT, connective tissue; GT,
granulation tissue; WCT, wound connective tissue.

Figure 7. A: Representative clinical appearance of a chronic progressing
wound in a human �6-integrin-transgenic (h�6F1) mouse. a: Early lesion; b:
progressed lesion; c: advanced lesion showing progression to the abdominal
area. B: Prevalence of skin lesions in the wild-type and human �6-integrin-
transgenic mice. 1Males; 2females; 3affected: Mice with progressing scarring
and/or chronic wounds in the lower back; 4percent of affected mice of total
number of mice or percent of affected males or females of total number of
males or females, respectively; 5mean age of the mice in weeks. WT, wild-
type mice; h�6F1, h�6F2, h�6F3, h�6F4 transgenic mouse lines.
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In mice, bleomycin treatment leads to lung fibrosis
because of increased activation of TGF-�.19 The �v�6-
integrin plays an active role in this process because in
mice lacking �6-integrin, bleomycin failed to induce lung
fibrosis.19 In culture, the �6-integrin �/� cells could not
activate latent TGF-�1,19 and the �6-integrin-deficient
mice did not show the increased expression of TGF-�1-
regulated genes as was detected in the wild-type ani-
mals.40 Therefore, it is possible that constitutive expres-
sion of �v�6-integrin by keratinocytes provides a
mechanism that promotes TGF-�1 activation also in the
skin that in turn could lead to altered wound healing
response. Increased expression of TGF-�1 has been
shown to associate with reduced rate of wound re-epi-
thelialization and increased collagen deposition.40 In our
study, closure speed of experimental wounds was unal-
tered in the transgenic animals, and the wounds did not
heal by excessive scar formation. Additionally, the levels
of active and latent TGF-�1, -2, and -3 in subcutaneously
implanted cellulose sponges from 21 and 36 days after
wounding were similar in the �6-integrin-overexpressing
and wild-type mice. Therefore, activation of TGF-� by
�v�6-integrin may not play as important role in normal
skin wound healing as in bleomycin-induced lung fibro-
sis. However, in a compromised healing situation, as in
the case of development of chronic lesions in this study,
activation of TGF-� by �v�6-integrin may play a role. The
chronic lesions in this study were composed abundantly

of activated macrophages and fibroblasts. Many of the
cells underneath the �v�6-expressing epithelium showed
positive intracellular staining with an antibody recogniz-
ing TGF-�1, -2, and -3. Additionally, the level of TGF-�1 in
the lesions of transgenic animals was significantly higher
than in healthy skin. There were also many myofibroblasts
present in a collagen-rich extracellular matrix. It is possi-
ble that in chronic lesions, keratinocytes constitutively
expressing �v�6-integrin could activate TGF-� leading to
induction of fibroblast differentiation into myofibroblasts.
These activated fibroblasts could then produce more
TGF-� that would stimulate collagen deposition. Addition-
ally, one possibility is that in the chronic lesions, in-
creased TGF-� at the dermoepidermal junction causes a
sufficient increase in MCP1 secretion by dermal fibro-
blasts41 leading to situation in which induced macro-
phage influx fails to reach a normal equilibrium. However,
we cannot rule out the possibility that increased TGF-� in
the lesions is a result of chronic inflammation and wound
environment and not directly linked to increased activa-
tion of TGF-� by �v�6-integrin-expressing keratinocytes.

Because the transgenic mice, unlike wild-type mice,
developed chronic progressing scars and ulcerations,
we suggest that it is possible that the expression of
�v�6-integrin by the epithelium contributes to the devel-
opment of the chronic lesions. The idea that epithelial
cells could play a significant role in the development of
lesions in the skin has been proposed previously. For
example, suprabasal integrin expression resulted in de-
velopment of psoriasis-like changes in transgenic mice,4

and excess production of latent TGF-�1 by keratinocytes
enhances collagen production by connective tissue
cells.42 Based on the previous findings with �6-integrin
knockout animals16 and on our study, we hypothesize
that epidermal �v�6-integrin is not critical for normal
wound repair but it may play a role when wound healing
is compromised for example in conditions involving
chronic inflammation or immunosuppression.
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