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Abstract

Wehave examined integrin expression during the remodeling
of the epidermis that takes place during wound healing, using a
suction blister model in which the epidermis is detached from
the dermis, leaving the basement membrane intact. By immuno-
fluorescence microscopy, we found that the same integrin sub-
units were expressed during wound healing as in normal epider-
mis with very little change in the relative intensity or distribu-
tion of staining at the leading edge of the migrating epidermis.
However, at the time of wound closure, when the epidermis is
still hyperproliferative, a2, a3, a6, and t3, were no longer con-
fined to the basal layer, as in normal epidermis, but were also
found in all the living suprabasal cell layers, coexpressed with
the terminal differentiation markers involucrin, keratin 10, and
keratin 16. Strong suprabasal staining for a, was also found in
one specimen. 4, which normally forms a heterodimer with a6,
and a5 remained predominantly basal. Three of the integrin
ligands, fibronectin, type IV collagen, and laminin, remained
largely confined to the basement membrane zone and dermis.
By 14 d after wounding, the integrins were once more restricted
to the basal layer. Suprabasal integrin expression was also ob-
served in involved psoriatic lesions. Thus, in two situations in
which the epidermis is hyperproliferative, there is a failure to
downregulate integrin expression on initiation of terminal dif-
ferentiation. The functional consequences of this aberrant inte-
grin expression remain to be explored. (J. Clin. Invest. 1992.
89:1892-1901.) Key words: hyperproliferation * extracellular
matrix * cell migration * terminal differentiation keratinocytes

Introduction

The integrins are a family of cell surface receptors that mediate
cell-cell and cell-extracellular matrix adhesion ( 1-3). Integrins
are heterodimers of one a and one A subunit, each of which is a
transmembrane glycoprotein. In human epidermis and strati-
fied keratinocyte cultures, integrin expression is largely con-
fined to the basal layer: keratinocytes express aoilI, 0231, a3#1,
a5/31, a634, and avi35 (4-10). a,#, is only weakly detected in
epidermis and is not seen consistently in culture; the keratino-
cyte a,#,1 ligand is unknown (7, 8). In cultured keratinocytes,
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a2/31 and a3f31 have variously been reported to mediate adhe-
sion to collagen and laminin; a513, is a fibronectin receptor and
a,45 is a vitronectin receptor (8, 9, 11, 12). Although the ligand
for a6f34 remains to be identified, this integrin is a component
of hemidesmosomes (13, 14). Experiments with cultured kera-
tinocytes suggest that integrins not only play a role in adhesion
to the extracellular matrix (ECM), but also in cell-cell adhesion
(1 1, 15) and in the initiation of terminal differentiation (16).
During epidermal development there are major changes in the
abundance and distribution of individual integrin subunits,
providing indirect evidence for a role in establishing the spatial
organization of keratinocytes in the epidermis (7).

In view of the evidence that integrins can regulate keratino-
cyte adhesion and terminal differentiation, we were interested
to discover what happens to integrin expression when the epi-
dermis is reformed after wounding. During wound healing, pro-
liferation and lateral migration of keratinocytes are stimulated
and the cells synthesize and respond to a range of inflamma-
tory cytokines (I17-19). The wound model we chose is that of
reepithelialization following suction blister formation (20-22).
Application of vacuum to a small area of skin causes a blister to
form, in which the epidermis detaches from the dermis, but the
basement membrane remains essentially intact. Keratinocytes
migrate laterally to heal the wound both from the edges of the
blister and also from hair follicles that remain attached to the
base of the blister.

Wedescribe the patterns of expression of a range of integrin
subunits at different times after blistering, and correlate our
findings with the expression of three integrin ligands and three
markers of keratinocyte terminal differentiation. Wepresent
evidence that the changes in integrin expression that are seen at
the time of wound closure are also found in involved psoriatic
lesions. Our results raise a number of intriguing questions
about integrin function and the factors that regulate integrin
expression in hyperproliferative epidermis.

Methods

Tissue. Sets of five suction blisters, 4-5 mmin diameter, were induced
on hairy thigh or upper arm skin of human volunteers by the applica-
tion of gentle suction (600 mmHg) for 1-2 h until a clear, blood-free
blister was formed. 6-mm skin punch biopsies were taken under xylo-
caine local anesthetic at 1, 2, 3, 4, 6, 7, and 14 d, embedded in OCT
(Miles Scientific Div., Naperville, IL) and frozen in a liquid nitrogen/
isopentane bath. Tissues from a total of 11 volunteers were examined.
The biopsies were taken by I. M. Leigh and colleagues, with prior ap-
proval from the Royal London Hospital Ethical Committee. Biopsies
of involved psoriatic skin were also obtained by Dr. Irene Leigh, and
human neonatal foreskin was used as a control tissue (see reference 7).

Antibodies. The following monoclonal antibodies were generous
gifts of the investigators indicated: 5E8 (R. Bankert, Roswell Park Me-
morial Institute, Buffalo, NY (23)) and PlE5 (E. Wayner, Oncogen
Science, Inc. Seattle, WA( 11)) against a2; J 143 against a3 (A. Albino,
Sloan-Kettering Memorial Institute, New York, NY (24)); MAb 16
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against a5 (K. Yamada, NCI, Bethesda, MD(25)); GoH3against a6 (A.
Sonnenberg, University of Amsterdam, The Netherlands (26)); 1 3C2
against a,, (M. Horton, ICRF, London (27)); MAb 13 against #I (K.
Yamada, NCI, Bethesda, MD(25)); and 3E1 (E. Engvall, La Jolla
Cancer Research Foundation, La Jolla, CA(28)) and 439-9B against 4
(S. Kennel, Oak Ridge National Laboratory, Oak Ridge, TN (29)).
PlE6 against a2 and VNR147 against a, were purchased from Telios
Pharmaceuticals, San Diego, CA. CD29against PI was purchased from
Janssen Pharmaceuticals (Geel, Belgium). Y2/5 1 against 3 (D. Mason,
John Radcliffe Hospital, Oxford (30)) was always negative on foreskin
(see also reference 7), and during wound healing and in psoriatic le-
sions.

Rabbit antihuman fibronectin was purchased from Calbiochem
Corp., La Jolla, CA(Novabiochem [UK], Nottingham, England). Rab-
bit antisera to mouse laminin and human collagen type IV were kindly
provided by M. J. Warburton, St. George's Hospital Medical School,
London (31). A rabbit antiserum to human involucrin (DH 1) was also
used (32). Two monospecific antikeratin monoclonal antibodies,
LL025 (specific for keratin 16; and LH10 (specific for keratin 10;
(Leigh, I. M., P. E. Purkis, P. Whitehead, and E. B. Lane. Manuscript
accepted for publication), were kindly provided by I. M. Leigh.

Staining. 6-am frozen sections were cut and stained as described
previously (7). Briefly, sections were fixed for 30 min in 4%formalde-
hyde in PBS containing 1 mMMg2+ and Ca2+ (PBSABC) at room
temperature and blocked in PBSABCcontaining 0. I% IgG-free bovine
serum albumin and 0.02% Triton X-l00 (Sigma Chemical Co., Poole,
UK). Primary antibodies were detected with the biotin-streptavidin
system (Amersham International, Amersham, UK). For double label
immunofluorescence, unfixed sections were sequentially stained with
anti-a6 (GoH3), FITC-conjugated sheep anti-rat IgG (Amersham Inter-
national), rabbit anti-involucrin (DH 1), and Texas Red-conjugated
goat anti-rabbit IgG (Amersham International). Controls in which pri-
mary antibodies were omitted showed no nonspecific fluorescence.

Results

Normal epidermis. Sections of human foreskin were stained at
the same time as the suction blister specimens and acted as

positive controls. In normal epidermis integrin expression is
largely confined to the basal layer: 01, its a partners, and a,,

have a uniform pericellular distribution, although staining for
av and as is weaker and more diffuse than for the other sub-
units. a6 and I4 also have a pericellular distribution in the basal
layer, but show a relative concentration at the basement mem-

brane zone (7).
1 d after blister formation. The staining pattern 1 d after

blistering is shown in Fig. 1. The epidermis that remained at-
tached to the dermis at the blister edges had the same distribu-
tion of integrins as in normal, undamaged epidermis (Fig. 1 C).

Integrin-positive keratinocytes within the blister roof were not
organized as a single basal layer (Fig. 1), but instead, suprabasal
clusters of cells expressing integrins were observed. This distri-
bution was observed for all integrin subunits tested (a2, a3, as,
#I, av, a6, (4)- Most of the cells within the blister roof that were

expressing a6 and f showed punctate intracellular staining in
addition to cell surface staining (Fig. 1, F and G). The blister
roof persisted for 3-4 d, and during this time the number of
positive clusters decreased, and more individual positive cells
were observed.

2 d. By 2 d, lateral migration of keratinocytes from the
edges of the wound and from hair follicles within the wound
was underway (20, 33), although a tongue of migrating keratin-
ocytes was not always clearly visible (e.g., Fig. 2 A). The stain-
ing pattern of the migrating keratinocytes was the same as in

*111L XI i | | %.... Figure2.2dafter

..wounding. (A, C, D)

Stained with antibodies

to the integrin subunits

indicated. (B) Phase con-

trast micrograph of A.

Keratinocytes are migrat-

ing towards the right in

A, and2. In D kera-

tinocytes are migrating

towards the center from

both sides of the field.

Arrows indicate the lead-

ing edges. There appears

to be staining of mem-
brane fragments on the
exposed basement mem-
brane. Scale bar, 50 ,um.
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normal undamaged epidermis: all subunits were confined to
the basal layer, and the cellular distribution of each integrin
was normal (Fig. 2). Some staining of the denuded basement
membrane was also detected (for example, Fig. 2, Cand D),
possibly reflecting staining of basal cell membrane fragments
that had been left behind (21). No changes in integrin expres-
sion were observed distal to the migrating wound edge (not
shown).

3 d. By 3 d, faint suprabasal staining for a3 (Fig. 3 C) and ,
(not shown) was seen at the leading edge of the migrating epi-
dermis. Within 1 mmfrom the leading edge, a3 and #I were
confined to the basal layer. The staining patterns of all the
other integrin subunits were unchanged at 3 d (see for example,
Fig. 3A).

4 d. By 4 d, wound closure had occurred in most specimens
examined. a6, in addition to a3 and iI, was expressed in supra-
basal cells at the center of the wound (not shown). As before,
the staining pattern distal to the wounds was normal and all the
other integrin subunits, including #4, were confined to the ba-
sal layer at the site of the wound.

6-7 d. 6-7 d after blistering, all of the wounds had reepithe-
lialized, but the epidermis was hyperproliferative: it was thicker

than normal epidermis and the basal cells were vertically elon-
gated (Fig. 4 C). a2, a3, a6, and l,8 were found in all the living
cell layers at the center of the wound (Fig. 4). The strong peri-
cellular staining suggested that the integrins were present at the
cell surface and not accumulated intracellularly. Suprabasal
expression extended almost to the edge of the biopsies, declin-
ing gradually to basally restricted staining (Fig. 4 H). Supraba-
sal av was weak or absent on all but one specimen, in which the
suprabasal cell layers were highly disorganized and staining was
strong, compared with normal epidermis (Fig. 4 I). a5 re-
mained confined to the basal layer (Fig. 4 A), and fl stained the
basal and sometimes the first suprabasal layers (Fig. 4 G).

2 wk. 2 wk after wounding, the epidermis was morphologi-
cally normal (Fig. 5), and expression of all integrin subunits
was once more largely confined to the basal layer (Fig. 5 and
results not shown). The intensity of staining was somewhat
greater than in normal skin.

Terminal differentiation markers. The suprabasal integrin
staining observed I wk after blistering suggested that keratino-
cytes were expressing integrins while undergoing terminal dif-
ferentiation. Three markers of terminal differentiation were
therefore examined: keratin 10, which is expressed by all supra-

Figure 3. 3 d after wounding. (A, C
Stained with antibodies to the integrin sub-

. . units indicated. (B, D) Phase contrast mi-
4crographs of A, C, respectively. Keratino-

cytes are migrating towards the right. Note
that there is suprabasal staining in C, but
not in A. Scale bar, 50 ,um.
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Figure 5. 2 wk after wounding. (A-D) Stained with antibodies to the integrin subunits indicated. Scale bar, 50 ,m.

basal cells in normal epidermis (34, 35); keratin 16, which is
expressed suprabasally in hyperproliferative epidermis (36,
37); and involucrin, a precursor of the cornified envelope. In-
volucrin is normally first expressed in the upper spinous layers
of the epidermis, but expression begins in the lower spinous
layers under hyperproliferative conditions (Fig. 6, B and D)
(38, 39).

Keratins 10 and 16 were expressed in the suprabasal cell
layers 1 wk after wounding (Fig. 6, Eand F). Involucrin expres-
sion began in the lower spinous layers, and double label immu-
nofluorescence showed coexpression of involucrin with a6 (Fig.
6, Cand D) and #I integrin subunits (not shown) suprabasally.
Distal to the center of the wound, involucrin expression began
higher in the spinous layers, and the integrins were confined to
the basal layer: the involucrin-positive cells were integrin-nega-
tive (Fig. 6, A and B).

Extracellular matrix proteins. Biopsies taken 1 wk after
wounding were stained with antibodies to fibronectin, type IV
collagen and laminin, to see whether these integrin ligands
were, like their receptors, present in the suprabasal layers. All
three proteins were present in the dermis and basement mem-
brane zone (Fig. 6, Gand Hand results not shown), in the same
distribution as in unwounded epidermis (7). They were absent
from the suprabasal layers, apart from some areas where the

keratinocyte layers were disorganized and faint, diffuse stain-
ing was observed (Fig. 6 H).

Psoriasis. The morphological appearance of the epidermis
1 wk after wounding, together with K16 expression and prema-
ture involucrin expression, indicated that the tissue was hyper-
proliferative. To discover whether suprabasal integrin expres-
sion is peculiar to wound healing or may be a more general
feature of hyperproliferative epidermis, we stained sections of
involved psoriatic lesions. There was suprabasal staining for
two of the three subunits examined, a6 and #I, while 34 re-
mained basally restricted (Fig. 7). In contrast to wounded epi-
dermis, however, the suprabasal staining in psoriatic epidermis
was confined to discrete patches of cells (Fig. 7). Expression of
involucrin was found in the lower spinous layers, coexpressed
with a6 and #I (not shown), as found at 6-7 d in the wound.

Discussion

The morphological changes associated with the reepithelializa-
tion of suction blister wounds to human skin have been well
documented (20, 21). Wehave analyzed integrin expression
during the healing process and have found a number of
changes in the localization of integrin subunits, compared with
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Figure 4. 7 d after wounding. (A, B, D-I) Stained with antibodies to the integrin subunits indicated. (C) Phase contrast micrograph of B. (H)
Edge of wound. (I) Note disorganized cell layers. Scale bars in Hand I, 50 ,um. A-H are at the same magnification.
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normal unwounded epidermis. The most significant observa-
tion was strong suprabasal expression of several integrins at 7 d
after wound closure, in contrast to the pattern seen in normal
unwounded epidermis.

The blister roof. Integrins can be detected in the blister roof
up until it detaches at about 3 d after wounding. Whereas in
normal attached epidermis integrins are largely confined to the
basal layer, clusters of integrin-positive suprabasal cells were
found in the blister roof at 24 h. At later times, individual
positively stained cells and clusters were scattered throughout
the blister roof. Intracellular punctate staining with antibodies
to a6 and /4 was observed, and this probably reflects internaliza-
tion of hemidesmosomes and associated a6(4 (13, 14) during
detachment of the epidermis (40, 41). Our observations are
consistent with the proposal that basal cells are pulled upwards
into a suprabasal position by the mechanical forces used to
create the blister. Basal and suprabasal cells differ in their cohe-
siveness, and this may explain why basal cells were initially
found as clusters (42).

Lateral migration of keratinocytes. In normal epidermis
keratinocyte migration is restricted to movement upwards
from the basal layer, but during wound healing keratinocytes
also migrate laterally. This change in behavior has been termed
"activation"; it is proposed to occur not only on wounding, but
also when keratinocytes are placed in culture, and it is corre-
lated with changes in adhesiveness (reviewed in references 18,
43). Thus, when keratinocytes are first isolated from skin, they
adhere poorly to fibronectin, but with time in culture they de-
velop adhesiveness to fibronectin (44, 45) and also show in-
creased migration on type I collagen and fibronectin (46). In
contrast to normal keratinocytes, cells taken directly from a
wound bed are capable of adhering to fibronectin immediately
(47). In wounds in which the basement membrane is destroyed,
fibronectin forms the provisional matrix over which keratino-
cytes migrate (reviewed in reference 48) and accumulates in
wound fluid, including the fluid of suction blisters (49). Guo et
al. (50) have reported increased expression of the a,5f1 fibronec-
tin receptor by keratinocytes migrating out of skin explants.

In view of such findings, we were surprised to observe that
during the initial stages of keratinocyte migration in suction
blister wounds (until 3 d) there were no changes in integrin
expression, compared with normal epidermis: the same sub-
units were present, with the same relative staining intensity and
the same cellular distribution. One possible explanation for the
lack of changes is that since in suction blisters the basement
membrane remains intact, the composition of the extracellular
matrix over which the cells migrate may be relatively un-

changed. Furthermore, it is well established that integrin func-
tion can be up- or downregulated in the absence of changes in
expression (see for example, references 12, 51), and so the lack
of changes in staining pattern cannot be taken as evidence for
unaltered integrin function. In corneal wounds, the presence or

absence of a basement membrane does not significantly affect
staining patterns of a5 and a6 (52).

Hemidesmosomes assemble at the basal surface of basal
keratinocytes during the lateral migration phase of wound heal-
ing, but there is some disagreement as to how far from the
migrating edge they first form. There is evidence from electron

Figure 7. Involved psoriatic lesion stained with antibodies to the in-
tegrin subunits indicated. Note patches of suprabasal staining in A
and B. Scale bar, 50 Mm.

microscopy (53) and staining for bullous pemphigoid antigen
(a component of hemidesmosomes; 54, 55) that hemidesmo-
somes are formed in the leading cell. However, others have
reported that they first appear several cells behind the leading
cell (17, 43). a684 is not restricted to hemidesmosomes ( 14), but
at the time of hemidesmosome assembly during epidermal de-
velopment there is a redistribution of a6#4 so that it becomes
concentrated at the basement membrane zone (7). Kurpakus et
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Figure 6. Terminal differentiation markers and extracellular matrix proteins, I wk after wounding. (A-D) Dual labeling for a6 (A, C) and invo-
lucrin (B, D). (A, B) Distal to wound center, (C-H) center of wound. (E) Keratin 10; (F) keratin 16. (G) Fibronectin; (H) laminin. Scale bars,
50 gm; A-F are at same magnification, Gand Hboth at lower magnification.



al. (56) have also reported a correlation between polarized a6,4
expression and hemidesmosome assembly in migrating corneal
epithelial cells. Weobserved a concentration of a644 at the
basement membrane zone right up to the migrating edge in the
wounds (Fig. 2 D). Although this might tend to support the
conclusion that hemidesmosomes are assembled in the leading
cell, further experiments will be required to resolve the issue.

Suprabasal integrin expression. The most striking differ-
ence between normal and healing epidermis we observed was
at the time of wound closure, when several of the integrin sub-
units were found on the surface of suprabasal keratinocytes.
Our results are broadly in agreement with those of others, who
have also observed suprabasal integrin staining during healing
of deep skin wounds (48, 57) and in corneal abrasions and
keratectomies (52). The first subunits to show a suprabasal lo-
cation were a3 and (3, (from 3 d), followed by a6 (4 d), then a2.
a5 and 34 remained primarily confined to the basal layer, and
av was only found suprabasally in one specimen, in which the
keratinocytes were disorganized. It is interesting that a3#13 was
the first integrin to be detected suprabasally, since it is also one
of the earliest integrins to be expressed during epidermal devel-
opment (7). The observation that a6 was expressed in all living
suprabasal layers, whereas its normal partner in keratinocytes,
f4 (6, 8, 58, 59), was not, suggests that a6 may form a hetero-
dimer with f3, in the suprabasal layers, since monomeric inte-
grins are not found on the cell surface (60, 61).

An important question that remains to be answered is
whether or not the suprabasal integrins are functional. We
could not detect significant levels of three of the integrin li-
gands, fibronectin, type IV collagen, and laminin, supraba-
sally, but the integrins might nevertheless be functional in cell-
cell adhesion (1 1, 15). During terminal differentiation in cul-
ture keratinocytes show a reduced adhesiveness to extracellular
matrix proteins before overt terminal differentiation; in the
case of a541, downregulation of ligand binding ability without a
reduction in the amount of receptor on the cell surface has
been demonstrated on commitment to terminal differentiation
(12). Since the suprabasal integrin-positive cells were express-
ing three markers of terminal differentiation, keratins 10 and
16 and involucrin, it is possible that the integrins, though ex-
pressed, are functionally downregulated in the suprabasal
layers.

In culture, integrin gene transcription is switched off when
keratinocytes undergo terminal differentiation and the half life
of the #,B integrins under those conditions is about 12-16 h
(Hotchin, N. A., and F. M. Watt. Manuscript submitted for
publication; (12)). Assuming that the half life of the subunits is
similar in vivo, it is considerably shorter than the transit time
from the basal layer to the tissue surface, even in hyperprolifer-
ative epidermis (4-8 d in psoriasis (62, 63)). Thus, either the
half life of the proteins is longer in vivo, or the suprabasal
terminally differentiating keratinocytes are synthesizing inte-
grin subunits de novo.

By the criteria of morphology, keratin 16 expression and
premature involucrin expression, the epidermis is hyperprolif-
erative at 7 d (36, 38, 64) when the integrins are suprabasal, and
has returned to normal by 14 d when the integrins are once
more confined to the basal layer. In psoriasis, a benign hyper-
proliferative disorder, we noted patches of suprabasal integrin
expression, as also reported by Ralfkiaer et al. (65). However, it
seems unlikely that suprabasal integrin expression is a marker
of hyperproliferation per se, since keratinocytes in culture are
also hyperproliferative by these criteria (39), and yet in strati-

fied cultures very little suprabasal integrin staining is observed
(8, 66). An alternative explanation is that suprabasal integrin
expression is a response of keratinocytes to the inflammation
characteristic of wounds and psoriatic lesions (reviewed in (67,
68)) through which keratinocytes are exposed to a wide range
of cytokines (reviewed in reference 19). Integrin expression in
other cell types is known to be upregulated by a number of
cytokines and growth factors that are present in wounds (re-
viewed in reference 69), and it will be interesting to test their
effects on keratinocytes.

Studies with cultured keratinocytes suggest a role for inte-
grins in regulating cell-ECM adhesion, cell-cell adhesion, and
the initiation of terminal differentiation (6, 11, 12, 15). During
development, there are marked changes in the types of integrin
subunits expressed and their location within the epidermal ba-
sal layer (7). Wehave now demonstrated that during wound
healing and in psoriasis, integrin expression is not downregu-
lated at the onset of terminal differentiation. Taken together,
these results suggest that integrin expression is subject to com-
plex regulatory mechanisms, probably both environmental
and developmentally programed. The functional conse-
quences of this dynamic regulation remain to be investigated.
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