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Figure 6 Tissue appearance of the wound surface, 7 days after implantation of the artificial dermis. (A) Control group,

(B) single application group and (C) sustained release group.

inflammatory cells was remarkably observed in all
groups because of infection. In the control group,
the structure of the collagen sponge collapsed. In
the sustained release group and the single appli-
cation group (bFGF application groups), many new
capillary formations were observed.

On day 7, all the collagen sponge were com-
pletely degraded and infiltration of the inflamma-
tory cells was extended in the control group.

Irrespective of bFGF impregnation into the micro-
spheres, fibroblasts had infiltrated into the middle
layer of the collagen sponge, and marked formation
of new capillaries was observed. However, infec-
tion was observed in the single application group
(Fig. 7).

Ten days after implantation, infection still
remained, and numerous inflammatory cells were
observed in the control group. On the other hand,

Figure 7 Histological sections of artificial dermis 7 days after implantation. (A) Control group, (B) single application
group and (C) sustained release group. Haematoxylin and eosin, original magnification X 100. The arrow heads indicate

new capillaries in artificial dermis.
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Figure 8 Time course of fibroblast proliferation. Number of fibroblasts in the sustained release group (B), the single
application group (@ ), and the control group ( 4 ). Each point shows the mean £ SE (n=10). Student’s t-test was used for
all statistical analyses. *P<0.01, compared with the control group. 1P<0.01, compared with the single application

group. #P<0.01, compared with the control group.

the infiltration of fibroblasts and angiogenesis were
promoted in the bFGF application groups. In
particular, in the sustained release group, tissue
regeneration was markedly accelerated.

Proliferation of fibroblasts in the artificial
dermis

Fig. 8 shows the number of fibroblasts infiltrating
the artificial dermis implanted in the wound. The
fibroblast number increased in a time-dependent
manner in both the sustained release and single
application groups. At all the times studied, the
infiltration was significant in the sustained release
group compared with both the single application
group and the control group. No significant

difference was found between the single appli-
cation group and the control group after 5 or 7 days.

New capillary formation in the artificial
dermis

Fig. 9 shows the number of newly formed capillaries
in the artificial dermis implanted in the wound. The
number of capillaries formed increased in a time-
dependent manner for both the sustained release
and single application groups, similarly to fibroblast
proliferation. The new capillary formation was
significant in both the sustained release group and
single application group compared with the control
group, throughout the time period studied. Five
days after implantation, no significant difference
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Figure 9 Time course of capillary proliferation. Number of capillaries in the sustained release group (E), the single
application group (@ ), and the control group ( A). Each point shows the mean+SE (n=10). Student’s t-test was used for
all statistical analyses. *P<0.01, compared with the control group. 1P <0.01, compared with the single application

group. #P<0.01, compared with the control group.

was detected between the sustained release group
and the single application group. However, there
was significantly new capillary formation in the
sustained release group after 7 and 10 days.

Discussion

In order to accelerate wound healing, various
growth factors have been studied.’* Basic FGF is
characterised as a growth factor for fibroblasts and
capillary endothelial cells and as a potent mitogen
for mesenchymal cells. Therefore, bFGF seems to
be a key factor applicable to accelerate wound
healing, promoting fibroblasts and inducing neo-
vascularisation. We have also reported the effects
of bFGF, and bFGF is one of the most potent
angiogenic factors.'®'® However, when bFGF is
applied in solution form, it is eliminated from the
applied site by simple diffusion. A radioisotope
study revealed that a sustained release system is

desirable to prolong the in vivo retention of
bicactive bFGF.'? A previous study demonstrated
that bFGF molecules ionically complexed with the
acidic gelatin were released from the microspheres
as a result of gelatin biodegradation.

Since its development by Yannas and col-
leagues'® in 1980, artificial dermis has been used
for the treatment of full-thickness skin defects
resulting from burns and injuries.'®?® We have
shown that bFGF-impregnated gelatin microspheres
in artificial dermis, implanted into full-thickness
skin defects on the back of guinea pigs, more
markedly promoted fibroblast proliferation and
new capillary formation in the artificial dermis
than free bFGF. In particular, the incorporation of
gelatin microspheres impregnated with 50 ug of
bFGF demonstrated clear efficacy. '

However, impaired wound healing can result
clinically from problems such as diabetes, dimin-
ished circulation, and malnutrition, or from various
pharmacologic agents including steroids and
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immuno-suppressants. Genetically diabetic mice
were chosen because they exhibit a series of
characteristics similar to those of human adult
onset diabetes. Wounds in these mice exhibit a
marked delay in cellular infiltration, granulation
tissue formation, and time required for wound
closure. 617

In this study, to evaluate the effect of incorpor-
ating bFGF-impregnated gelatin microspheres into
an artificial dermis on impaired wound healing
models, a pressure-induced decubitus ulcer was
produced in these mice. The method of producing
the decubitus ulcer was based on the methods
described in a paper by Okumura and colleagues. '’

After implantating the artificial dermis into the
decubitus ulcer, infection was observed in all
groups because diabetic mice have weak resistance
to infection. Moreover, because there is no resist-
ance in the artificial dermis,?' when bacterial
contamination occurs, the collagen sponge is not
only degraded by the collagenase produced by
bacteria, but also bacterial growth is promoted in
the degraded collagen sponge. However, infection
was gradually suppressed in the sustained group and
the single application group (bFGF application
groups) (Fig. 6). It was thought that the application
of bFGF induced neovascularisation, and increased
the resistance to infection. Kalicke et al.** reported
that the local application of bFGF revealed the
resistance to local infection. On histological exam-
ination, new capillary formation was markedly
found in the bFGF application groups. In particular,
it seemed that promoting neovascularisation soon
after implantation was significantly effective for
suppressing infection. It seemed that the sustained
release of bFGF produced a better effect on the
suppression of infection than a single application
(Fig. 6). Therefore, in the sustained release of
bFGF, the degradation of the collagen sponge was
controlled and tissue regeneration in the remained
matrix was also promoted. Indeed, histological
examination revealed that, in the sustained release
group, the proliferation of fibroblasts was signifi-
cantly promoted. Degradation suppression of
the collagen sponge seems advantageous from the
viewpoint of tissue regeneration, because the
collagen sponge functions as a good matrix for
cell infiltration and proliferation. It is, therefore,
appropriate that the infiltration of fibroblasts and
new capillary formation were significant in the
sustained release group compared with the single
application group or the control group (Figs. 8 and
9). It was confirmed that bFGF-impregnated gelatin
microspheres in an artificial dermis not only
accelerated tissue regeneration but also increased
resistance to infection.

In conclusion, bFGF accelerated dermal repair
and angiogenesis in the wounds of healing-impaired
diabetic mice. Accelerated tissue regeneration was
achieved by greater incorporation of bFGF-impreg-
nated gelatin microspheres than free bFGF. The
effectiveness of bFGF-impregnated gelatin micro-
spheres in an artificial dermis may be clinically
useful in the treatment of patients with deficient
wound repair, such as a decubitus ulcer.
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Increase in macrophage migration inhibitory
factor levels in lacrimal fluid of patients
with severe atopic dermatitis

Abstract Background and aims of
the study: Atopic dermatitis is a
chronic inflammatory skin disorder that
often involves some ophthalmic fea-
tures. Macrophage migration inhibitory
factor (MIF) is a proinflammatory
cytokine that is associated with the
generation of cell-mediated immune
responses. Although serum MIF levels
may be elevated in severe atopic der-
matitis, the quantity of MIF in regional
ocular fluid remains unknown. We
measured MIF levels in tears (lacrimal
fluid) of patients with atopic dermatitis.
Patients and methods: Tear samples
were collected from 16 patients with
atopic dermatitis, 10 patients with
allergic conjunctivitis, and 15 healthy
control subjects. The clinical severity
of atopic dermatitis was evaluated
according to the Scoring Atopic Der-
matitis (SCORAD) index. The index
was calculated by summing the fol-
lowing scores: extent criteria, intensity
criteria, and subjective symptoms.
Macrophage migration inhibitory fac-

tor levels were determined by a human
MIF enzyme-linked immunosorbent
assay. All comparisons were two-
tailed, and P values <0.01 were
considered as statistically significant.
Results: The mean MIF concentration
in lacrimal fluid collected from healthy
control subjects was 0.69+ 0.2 ng/ml.
The mean tear MIF levels were 17.87+
6.3 ng/ml in moderate-to-severe atopic
dermatitis (SCORAD> 15, P=0.002),
0.93+0.08 ng/ml in mild atopic der-
matitis (SCORAD< 15), and 2.76+
0.86 ng/ml in allergic conjunctivitis
(P=0.008). Conclusions: A proin-
flammatory cytokine MIF level was
elevated in tears as well as serum in
cases of severe atopic dermatitis. These
results suggest that MIF may play an
important role in the induction or
enhancement of ophthalmic features
related to severe atopic dermatitis.

Keywords Allergic conjunctivitis -
Atopic dermatitis - Eye - MIF -
Serum - Tears

Introduction

Macrophage migration inhibitory factor (MIF) was first
discovered in the late 1960s; it is therefore believed to be
the first recognized lymphokine [6]. Since MIF was
discovered as merely a part of the phenomenon of
inhibiting migration of macrophages in the pre-molecular
biology era, many scientists doubted its importance in the
immune response. Investigations in the 1990s aimed at
identifying novel systemic mediators that could regulate

host inflammatory responses led to the identification of
murine MIF as a product secreted by the anterior pituitary
gland [2]. Upon stimulation, T cells release MIF, and MIF
activity was first described as a product of cognate T-cell
supernatants [15]. Macrophages have also been identified
as an important source of MIF and are known to express
MIF both constitutively and upon stimulation [15]. Mac-
rophage migration inhibitory factor is considered to act by
both paracrine and autocrine stimulatory pathways to
augment the activation of these cells [15]. As reported
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previously, MIF is essential for T-cell activation and
possibly contributes to maintaining Th1/Th2 imbalance
[1]. Increased MIF expression has been reported in lesions
from many immune/inflammatory diseases, including
psoriasis, glomerulonephritis, transplant rejection, neuro-
Behget’s disease, asthma, adult respiratory distress syn-
drome, and inflammatory eye diseases [3, 4, 7, 11-13, 16,
17, 20, 22, 24].

Atopic dermatitis (AD) frequently involves some oph-
thalmic features: blepharitis, chronic keratoconjunctivitis,
keratoconus, early-onset cataract, and rarely, retinal de-
tachment [9]. AD is a chronic inflammatory skin disorder
and many reports have documented its pathogenesis in
relation to genetic and immunological abnormalities as
well as environmental factors [10]. Although abnormal
populations of Th1 and Th2 subsets of helper T cells (Th1/
Th2 imbalance) have been identified as a cause of the
pathogenesis of AD [8, 13, 25], a decrease in delayed-type
hypersensitivity (DTH) is considered to involve more than
Th1/Th2 imbalance in AD [5]. MIF is essential for T-cell
" activation and possibly contributes to maintaining Th1/Th2
imbalance as described above [1]. Also, a prominent
increase in systemic MIF levels was detected in patients
with severe AD, and the levels decreased when the clinical
symptoms improved following treatment with corticoste-
roid ointment [18, 19]. We hypothesized that a high
concentration of MIF could exist in the regional fluid of the
eye as well as in serum in cases of severe atopic dermatitis.
Because the Scoring Atopic Dermatitis (SCORAD) index,
which is determined on the basis of several criteria related
to lesion spread and intensity as well as on subjective signs,
is commonly used to evaluate AD [21], AD patients were
classified into two groups, as moderate-to-severe or mild
AD, according to SCORAD index in the present study. We
measured the MIF levels in tears (lacrimal fluid) of patients
with AD and compared them to those of patients with
allergic conjunctivitis (AC) and healthy people.

Materials and methods

Patients

We studied 16 patients with AD and 9 subjects with AC who
visited the Departments of Dermatology and Ophthalmol-
ogy, Hokkaido University Hospital, Sapporo, Japan. Atopic
dermatitis is a common inflammatory disorder characterized
by a chronic and relapsing course. In order to evaluate the
severity of the disease as objectively as possible, the
European Task Force on Atopic Dermatitis developed a
method allowing consistent assessment by means of a
severity index, called the Scoring Atopic Dermatitis
(SCORAD) index [21]. The index should be calculated as
a sum of the following scores: (1) extent criteria (involved
surface area), (2) intensity criteria (erythema, edema/papu-
lation, oozing/crusting, excoriation, and lichenification), and

(3) subjective symptoms (pruritus and insomnia) [21]. We
classified cases of AD in this study as “moderate-to-severe”
(SCORAD>15) or “mild” (SCORAD<15) according to the
SCORAD index. Each patient with moderate-to-severe AD
had atopic manifestations on the facial skin. Allergic
conjunctivitis (AC) was diagnosed by slit lamp examination
according to the guidelines of diagnosis and treatment of
conjunctivitis, reported elsewhere [23]. Although we
collected tear samples out of pollen season (December,
January, and February), five of ten AC patients stated that
they had sensitivity to grass or birch pollen. Most of the AC
patients were considered to be in the chronic phase of AC,
and their conjunctival signs and symptoms were mild. Tear
samples were collected from 9 patients with severe AD
(mean age, 26.1 years; age range, 18-37 years), 7 patients
with mild AD (mean age, 29.0 years; age range, 16-44
years), 10 patients with AC (mean age, 32.6 years; age range,
22-44 years), and 15 healthy volunteers (mean age, 34.6
years; age range, 23—45 years). All subjects were Japanese,
and healthy volunteers with no history of AD were recruited
from our colleagues as controls. Dermatologists and
ophthalmologists also verified no manifestations of AD
and AC in controls when their tear/serum samples were
collected. Informed consent was obtained from every patient
and control subject.

Collection of tears and sera

All of the experiments in this study followed the tenets of
the Declaration of Helsinki. After informed consent was
obtained, tear samples were collected from all subjects. To
obtain unstimulated basal lacrimal fluid, the tear samples
(10 pl) were collected with microcapillary tubes for
microhematocrit (75 mm length, Funakoshi, Tokyo) at
the lateral canthus of patients in the supine position without
any anesthesia. After obtaining informed consent, serum
samples were collected from two of the severe AD patients
whose tear MIF levels were quite high (>27.2 ng/ml),
exceeding one standard deviation (SD) from the group’s
median value. Also, two subjects were chosen randomly
from the patients with mild AD and healthy controls to
measure their serum MIF levels.

Tear samples were centrifuged immediately at 4°C to
remove cells and transferred into new tubes. Tear and serum
samples were stored at —80°C until further examination.

Measurement of MIF

Macrophage migration inhibitory factor levels were
determined by a human MIF enzyme-linked immunosor-
bent assay (ELISA) (CosmoBio, Tokyo, Japan) as
described previously [18]. The kit contains all reagents
necessary for performing the assay. Statistical analysis was
performed using the Mann-Whitney U test.
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Table 1 Values and significance of MIF levels in tears

MIF levels
(Mean MIF+SE)

P values vs. normal

Normal controls 0.69+0.2 -

AD: moderate to severe  17.87+6.3 0.002**
AD: mild 0.9340.08 0.07
Allergic conjunctivitis 2.76+0.86 0.008**

AD Atopic dermatitis
##P<(,01 (Mann-Whitney U test, two-tailed)

Results

The mean MIF level in lacrimal fluid collected from
healthy control subjects was 0.69+0.2 ng/ml. The mean
tear MIF levels were 17.87+6.3 ng/ml in cases of moderate-
to-severe AD (SCORAD>15), 0.93+0.08 ng/ml in cases of
mild AD (SCORAD<135), and 2.76+0.86 ng/ml in cases of
allergic conjunctivitis (AC). Tear MIF levels were
significantly elevated in patients with moderate-to-severe
AD compared to normal controls (P=0.002, Table 1). The
tear MIF levels of patients with AC were also higher than
those of healthy subjects (P=0.008, Table 1). We did not,
however, detect any significant difference in tear MIF
levels between patients with mild AD (SCORAD<15) and
healthy control subjects (P=0.07, Table 1).

We then focused on two cases of severe AD in which the
tear MIF levels were higher than 27.2 ng/ml, i.e., more than
one standard deviation (SD) from the group’s median
value. Both had the severest skin manifestations of atopic
dermatitis in this study when their tears were collected.
After informed consent was obtained from these patients,
serum samples were drawn and the serum MIF levels were
measured. As shown in Table 2, their serum MIF levels
were approximately equivalent to those in the lacrimal fluid
of patients with severe AD. In contrast, although the serum
MIF levels in cases of mild AD were still elevated
compared to those of healthy controls, their MIF
concentrations in tears were no higher than those of
healthy controls (Table 2).

Table 2 MIF concentrations of tears and sera

Cases Age/sex Tear MIF (ng/ml) Serum MIF (ng/ml)
1. AD: severe 20/M 634 79.7
2. AD: severe 35/M 30.1 42.0
3. AD: mild  44/F 0.9 17.5
4, AD: mild  16/M 0.7 12.2
5. Control 45/F 0.8 47
6. Control 24/F 1.0 3.2

AD Atopic dermatitis

Discussion

In the present study, we detected high levels of MIF in the
lacrimal fluid of patients with severe AD. We previously
reported an increase in serum MIF levels in patients with
AD [18]. Although AD frequently involves some ophthal-
mic features (blepharitis, chronic keratoconjunctivitis,
keratoconus, early-onset cataract, and retinal detachment),
how MIF behaves in the ocular fluid of patients with AD
remained unknown. We wished to determine how tear MIF
levels of patients with severe AD compared with AC and
healthy subjects.

MIF is expressed and secreted in many tissues: in the
brain, eye (lens, corneal epithelial cells, iris, ciliary body,
and retina), ear, immune cells (thymus, spleen, lymph
nodes, blood, and bone marrow, by monocytes, macro-
phages, T cells, B cells, dendritic cells, eosinophils,
basophils, neutrophils, and mast cells), lungs, breast,
endocrine systems (pituitary gland, adrenal cortex, and
pacreas), liver, testis, prostate, ovaries, gastrointestinal
tract, kidney, fat tissue, skin (by keratinocytes, sebaceous
glands, hair follicles, endothelial cells and fibroblasts),
bone, and joints [4]. This study demonstrated that tear MIF
concentration is significantly higher in patients with severe
AD than in controls. Patients with AC also showed
significantly higher levels of MIF than healthy controls;
however, there were vast differences between the averages
of AD and AC groups.

Since MIF levels in tears were elevated for both diseases
involving the immune system, one possible source of tear
MIF is the lymphocytes in conjunctival follicles. Another
possible cause of the elevation of tear MIF levels in the
eyes may be the lacrimal gland, but no study has been
performed to determine if the lacrimal gland expresses or
secretes MIF or not. A third possible source may be
peripheral blood mononuclear cells (PBMCs) [14]. As
previously reported, a substantial increase in systemic MIF
levels was detected in patients with severe AD, and the
levels decreased when the skin symptoms improved
following treatment with corticosteroid ointment [18].
Furthermore, the elevated serum MIF was due to secretion
from systemic PBMC [18, 19]. We found two patients with
severe AD who showed extremely high levels (in excess of
30 ng/ml) of MIF in this study. To examine how blood
PBMC contributes to MIF levels in lacrimal fluid, we
collected serum samples from AD patients as well as tears.
Because a very high serum MIF concentration was detected
in both of these patients (Table 2) and the space of the oculi
is limited, some proportion of MIF in tears may be
attributable to a systemic increase in MIF. The secretion of
MIF from PBMCs might contribute to the elevation of tear
MIF levels more than regional inflammatory cells of the
eyes in patients with severe AD. Since we did not collect
blood samples from AC subjects, it is still unclear how
much blood PBMC contributes to tear MIF levels in cases
of AC. In the present study, AC patients did not have
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obvious systemic inflammation, but local. Moreover, we
detected higher tear MIF levels in the AC group than in the
mild AD group, suggesting that MIF may be secreted in the
eye to some extent. Further studies might be required in
vernal or other etiologies of conjunctivitis, as well as for
treated vs. untreated AC to clarify eye-derived MIF in
tears.

This is the first report that MIF concentrations in tears
are elevated in cases of severe AD in humans. In
conclusion, MIF in regional ocular fluid may be involved

in the induction or enhancement of ophthalmic features
caused by severe AD.
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Colocalization of Multiple Laminin Isoforms Predominantly
beneath Hemidesmosomes in the Upper Lamina Densa of
the Epidermal Basement Membrane

James R. McMillan, Masashi Akiyama, Hideki Nakamura, and Hiroshi Shimizu

Creative Research Initiative Sousei (JRM) and Department of Dermatology, Graduate School of Medicine (JRM,MA,HN,HS),
Hokkaido University, Sapporo, Japan

SUMMARY Multiple laminin isoforms including laminins 5 («3 83 v2), 6 (a3 B1+v1), 10 (a5 31
v1), and possibly laminins 7 («3 B2 y1) and 11 (a5 B2 v1) are present in the epidermal
basement membrane. However, only the precise epidermal ultrastructural localization of
laminin 5 (a3 B3 y2) has been elucidated. We therefore determined the precise expression
and ultrastructural localization of the o5, g1, 82, and 1 chains in the epidermis. The
expression of laminin chains in skin samples was analyzed from patients with epidermolysis
bullosa (EB, n=15) that harbor defects in specific hemidesmosome (HD)-associated
components. The expression of the a5, 81, and y1 chains (present in laminins 10/11) and p2
chain (laminins 7/11) was unaffected in all intact (unseparated) skin of EB patients including
Herlitz junctional EB with laminin-5 defects (n=6). In the basement membrane of human
epidermis, the a5, B1, B2, and y1 chains were expressed but also localized to the dermal
vessels. Immunogold electron microscopy of normal human epidermis localized the a5, p1,
B2, and 1 chains to the upper lamina densa, with between 84% and 92% of labeling
restricted to beneath the HDs, similar to laminin 5 (n=200 gold particles per sample, sample
number n=4) but distinct from collagen IV labeling (with only 63% labeling beneath HDs,
p<0.001). Taken together, the majority of the a581/82y1 laminin chains are located beneath
HDs. This suggests that laminin-10-associated chains have specific functions or molecular
interactions beneath HDs in the epidermal basement membrane.

() Histochem Cytochem 54:109-118, 2006)
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In skin, laminins are present in the epidermal basement
membrane, around blood vessels, nerves, and adnexal
structures. It is generally thought that laminin 5 (o3 B3
v2), possibly laminin 6 («3 B1 1), and laminin 10 (o5
RB1 1) are expressed in the human epidermal base-
ment membrane (Aumailley and Rousselle 1999) (see
Figure 1). The expression of laminins 7 (a3 B2 y1) and
11 (a5 B2 v1) has yet to be confirmed in the adult hu-
man epidermis (Aumailley and Rousselle 1999). Of these,
laminin § (a3 B3 y2) is the most well-studied epider-
mal isoform (Nishiyama et al. 2000; Mercurio et al.

Correspondence to: James R. McMillan, MSc, PhD, Department
of Dermatology, Hokkaido University Graduate School of Medicine,
Kita-ku, Sapporo, 060-8638, Japan. E-mail: jrm57@med.hokudai.
ac.jp

Received for publication March 28, 2005; accepted September 6,
2005 [DOI: 10.136%9/hc.5A6701.2005].

© The Histochemical Society, Inc. 0022-1554/05/$3.30

2001; Geuijen and Sonnenberg 2002; McMillan et al.
2003b). Laminin § is thought to be crucial for the correct
assembly and adhesion of hemidesmosomes (HDs) via
the receptor, the a6B4 integrin (Niessen et al. 1994).
The distinct roles of laminin isoforms in the pro-
cesses of cutaneous morphogenesis are poorly under-
stood. Laminin 10 (a5 B1 y1), however, has recently
been implicated in several functions including hair
follicle development (Li et al. 2003). In an oS chain
(laminin 10/11) knockout mouse model, the addition of
exogenous laminin 10 was used to correct follicular
development (Li et al. 2003). Laminin 10 is therefore
implicated in hair follicle cell growth and adhesion (Gu
et al. 2001; Pouliot et al. 2002; Li et al. 2003). Cell
adhesion assays have demonstrated that multiple
laminins (including laminins 5, 10, and 11) can act as
adhesive substrates for keratinocytes and that this
adhesion is mediated by the integrins o331 and a634
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Figure 1 Schematic diagram showing the structure of laminin 5 and 10 chains and the position of two antibody binding sites in the «3 chain
G1 domain (BM165) and the carboxyl terminal half of the 5 chain (4C7). This schematic diagram is not drawn to scale and does not include any
a3 chain splice variants of laminin 5 («3 3 v2). The antibody BM165 binds to the first globular (G1) domain of the a3 chain of laminins 5/6
{(McMillan et al. 2003b), whereas the antibody 4C7 binds to the carboxyl terminal half end of the o5 chain (present in both laminins 10 and 11).

{(Pouliot et al. 2002). However, in certain non-epithelial
cells, the integrins o381, a6B1, and a6p4 and o dys-
troglycan are expressed and have been identified as
possible laminin 10/11 receptors (Kikkawa et al. 1998,
2000; Yu and Talts 2003).

Antibodies are now available that recognize spe-
cific laminin chains and provide new tools to investigate
the structure of the epidermal basement membrane.
These antibodies include 4C7 (Engvall et al. 1990;
Tiger et al. 1997) that recognizes a carboxyl terminal
domain of the human «5 chain of laminins 10 (a5 B1
v1, see Figure 1) and 11 (a5 B2 y1). This antibody
blocks the epitope involved in neurite cell adhesion to
the laminin oS chain (Engvall et al. 1986; Makino et al.
2002). Further laminin-specific antibodies to B and vy
chains include 2E8 (recognizing the 81 chain (Engvall
et al. 1986), D18 (y1) (Sanes et al. 1990), and C4 (32)
(Hunter et al. 1989).

To better understand the position and possible
functions of epidermal molecules, we examined the pre-
cise localization of the aS, B1, B2, and y1 laminin
chains and collagen IV in the interfollicular and fol-
licular epidermal basement membrane. In addition,
the expression of laminin chains was also assessed in a
range of epidermolysis bullosa (EB) patients’ skin har-
boring defects in several basement membrane com-
ponents, including laminin 5. We have quantitatively
analyzed and compared the localizations of laminin o5,
B1, B2, and v1 chains with that of laminin 5 (@3 B3 y2)
from our previously published data (McMillan et al.
2003b) and collagen IV. Comparison of a5, B1, B2,
and y1 chain expression with laminin 5, a well-studied
HD-associated isoform, will determine a more precise
localization for these laminin isoforms. Our data sup-

port the hypothesis that multiple laminin isoforms
colocalize beneath HDs in normal and diseased epi-
dermal basement membranes.

Materials and Methods
Skin Samples

Samples of adult and neonatal control skin from non-spe
cialized sites (abdomen, arm, thigh, n==8; and scalp skin, #=2)
were obtained from routine surgical procedures. Skin samples
were frozen for cryostat sectioning or processed for post-
embedding immunogold electron microscopy (IEM) as de-
scribed below. In all cases, the biopsies were performed with
the patient’s or guardian’s informed consent, with the relevant
institutional approval for experiments handling human mate-
rial, and in accordance with the Helsinki Declaration.

Skin samples from patients affected with a group of rare
genodermatoses, EB, were included in this study (=135, see
Table 1). Details of the number of patients for each EB disease
subtype, their age at biopsy, details of any identified muta-
tions, or significant results of diagnostic antibody staining are
listed, in addition to the results of their laminin antibody
staining findings (see Table 1). Four Herlitz junctional (HJ)
EB patients harbored laminin-5 chain mutations that were
reported in the literature (Takizawa et al. 1998a-d). In one EB
simplex associated with muscular dystrophy (EBS-MD) patient,
genetic defects have been reported (Pulkkinen et al. 1996).

Confocal Immunofluorescence Microscopy

Indirect immunofluorescence was performed as previously
described (Kennedy et al. 1985) using cryostat skin sections.
Laminin chain expression was confirmed in control skin using
the following antibodies: 4C7 recognizing the human oS
chain (see Figure 1) present in laminins 10 and 11 (dilution
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Table 1 Comparison of laminin 5 and laminin 10 expression in patients with various forms of epidermolysis bullosa

EB disease Deficient Laminin-5 y3 chain Laminin-10 5 chain
subtype protein Patients’ sex, age, mutation, and staining details GB3 expression 4C7 expression
Control (5) Normal M/31 years, 33 years, 41 years, 45 years, F/15 years +++ +++
HJEB (6) Laminin 5 M/1 month, W610X/Q166X LAMB3 - +/++

F/9 months, 1997-2A>C (homozygous, LAMB3)

F/1 month, Q936X LAMB3

M/1 month, 1929delCA/WG10X LAMB3

F/2 months, M/1 month, laminin-5 negative (GB3 moAb)
NHJEB (2) Laminin 5 M/12 years, M/5 years, laminin-5 reduced {GB3 moAb) + +++
NHJEB (2) Collagen XVl M/21 years, F/35 years, G252X collagen XVIl negative +++ +4++

(233, 1A8C moAb)

SRDEB (2) Collagen Vi M/7 years, M/1 year, collagen Vil negative (LH7:2 moAb) +++ +++
JEB-PA/PA-EBS (1) Integrin o634 F/1 month, a6p4 integrin negative (3E1,GOH3 moAb) +++ +++
EBS-MD (2) Plectin M/27 years, M/9 years, plectin negative (HD1-121 moAb) + 4+ +++

EB, epidermolysis bullosa; HJEB, Herlitz junction epidermolysis bullosa; NHIEB, non-Herlitz junctional epidermolysis bullosa; SRDEB, severe recessive dystrophic
epidermolysis bullosa; JEB-PA, junctional epidermolysis bullosa associated with pyloric atresia; which is also known as EBS-PA, epidermolysis bullosa associated with
pyloric atresia. +-+, normal, bright staining pattern along dermal-epidermal junction; ++, reduced dermal-epidermal junction staining compared to controls;
+, severely reduced dermal-epidermal junction staining compared to controls; ~, absent dermal-epidermal junction staining compared to controls.

1:25; Chemicon International, Temecula, CA) (Engvall et al.
1990; Tiger et al. 1997). The monoclonal antibody 2E8 recog-
nizing the B1 chain (neat) (Engvall et al. 1986), the monoclo-
nal antibody D18 that recognizes the y1 chain (see Figure 1)
(neat) (Sanes et al. 1990), and an antibody C4 to the B2 chain
(see Figure 1) (used neat) (Hunter et al. 1989) were also
included. The antibodies 2E8, D18, and C4 were obtained
from the Developmental Studies Hybridoma Bank, University
of lIowa (Iowa City, IA). The mouse monoclonal M3F7
recognizing the helical domain of the a1 and o2 chains of
collagen TV (used neat) (Foellmer et al. 1983) was also ob-
tained from the Developmental Studies Hybridoma Bank.
Laminin-5 antibodies included the mouse monoclonal BM165
directed against the laminin-5 &3 chain terminal first globular
(G1) domain (see Figure 1) (diluted 1:50) (Marinkovich MP,
unpublished data) (McMillan et al. 2003b); K140 directed
against the laminin-5 B3 chain adjacent to domain IV; GB3
directed against the laminin-5 y2 chain (Harlan Sera Lab;
Loughborough, UK); and a rabbit polyclonal serum directed
against the entire laminin-5 molecule (1:200) (McMillan et al.
2003b). The melanocyte marker antibody TMH-1 recognized
the b-locus protein {rat antibody, 1:10 dilution) and was
previously described by Masunaga et al. (1996).

Epidermal sections were fixed in cold acetone (—20C) for
10 min and incubated with 5% normal rabbit sera in 0.1 M
Dulbecco’s PBS for 5 min at 37C. Sections were incubated
with primary antibodies and subsequently with secondary
antibodies conjugated to fluorescein isothiocyanate or Texas
Red (FITC; rabbit anti-mouse IgG or goat anti-rabbit IgG,
1:200; DAKO, Tokyo, Japan; Texas Red conjugated donkey
anti-rabbit; Amersham, UK). To label TMH-1, a preabsorbed
cyanine (CYS5)-conjugated goat anti-rat antibody was used
(Jackson ImmunoResearch; West Grove, PA). All secondary
antibodies were diluted in 3% BSA in 0.1 M PBS for 30 min
at 37C in a darkened, humidified chamber. Sections were
then labeled with a ToPro-3 nuclear counterstain (diluted
1:20,000, blue channel; Jackson ImmunoResearch) if appro-
priate. The sections were then mounted in Permafluor
(Thermo Shandon; Pittsburgh, PA) and examined with a con-
focal microscope (Fluoview FV300; Olympus, Tokyo, Japan)

using an inverted microscope (IX70; Olympus). Controls
included normal skin cryostat sections with the primary
antibody substituted by PBS, myeloma supernatant, or an
irrelevant immunoglobulin isotype, as a negative control. All
experiments were performed at least in duplicate.

Immunogold Electron Microscopy

Four samples of human skin were cryofixed and processed for
postembedding IEM according to the previously described
methods (Shimizu et al. 1989,1990). Samples were washed in
PBS and cryoprotected in 20% glycerol (in PBS) forup to 1 hr
at 4C. Subsequently, cryofixation was performed in liquid
propane at ~190C using a freeze plunge apparatus (Leica
CPC; Cambridge, UK} followed by freeze substitution over
3 days at —80C in methanol using an automated freeze sub-
stitution system (AFS; Leica). Specimens were embedded in
Lowicryl K11M (Ladd Research Industries; Burlington, VT)
resin over 4 days at —60C. The temperature was gradually
raised and the resin was polymerized under UV light and lig-
uid nitrogen vapor at 10C. Ultrathin sections were then cut
and collected on pioloform-coated nickel grids. Sections were
stained with uranyl acetate only (15 min) and observed with a
transmission electron microscope (Hitachi H-7100; Tokyo,
Japan) at 75 kV. Blocks showing good ultrastructure were
selected for immunolabeling experiments. Sections were
preincubated in buffer containing PBS with 5% normal goat
serum (NGS), 1% BSA, and 0.1% gelatin. Primary antibodies
or human antisera were all diluted in PBS buffer containing
1% NGS, 1% BSA, and 0.1% gelatin and incubated at 37C
for 2 hr. The sections were then washed in a drop of PBS
buffer four times (S min each) and placed on a drop of sec-
ondary linker antibody, again diluted in PBS buffer (for 2 hr
at 37C). The secondary antiserum, rabbit anti-mouse IgG
(DAKO; Ely, UK) was diluted 1:500. Sections were then
incubated with a final antibody layer using S-nm gold-
conjugated labeled goat anti-rabbit or goat anti-mouse anti-
bodies (Biocell; Cardiff, UK) diluted 1:500 in Tris-buffered
saline (TBS) for 2 hr at 37C. For double labeling on K11M
sections, the a$ chain of laminins 10/11 (4C7 and a 5-nm
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gold-conjugated goat anti-mouse) and rabbit anti-laminin §
(polyclonal highlighted by 15-nm gold-conjugated goat anti-
rabbit; Biocell) were used. Sections were washed twice in TBS
buffer and twice in distilled water (5 min each). After staining
with 15% alcoholic uranyl acetate (3 min) and lead citrate (15
min), sections were observed with a transmission electron
microscope (H-7100; Hitachi). Controls included normal skin
sections with the primary antibody substituted by PBS, mye-
loma supernatant, preimmune rabbit serum, or an irrelevant
immunoglobulin isotype, as a negative control. All experi-
ments were performed in triplicate.

Immunogold Quantitative Analysis

The techniques for ultrastructural labeling were similar to
those performed by McMillan et al. (2003b). Electron micro-
graphs were taken at a standard magnification (30K) and
were enlarged by a standard factor X2.08. The final magni-
fication (X62,500) was checked using electron micrographs
taken of a carbon diffraction grating. For standardization
purposes, all observations were made by one observer (JRM).
At least 200 gold particles were assessed per specimen for
each antibody or antiserum and four specimens from different
individuals were examined (see Table 1 and Table 2). A 5-nm
immunogold-conjugated final antibody layer was used. The
percentage of gold particles perpendicularly beneath an ob-
servable electron-dense HD cytoplasmic outer attachment
plaque as described by McMillan and Eady (1996) was scored
and calculated from a large number of gold particles in skin
from four individuals.

Only non-obliquely sectioned areas of dermal-epidermal
junction were included with clearly detined HD plaques,
lamina lucida (LL), and lamina densa (LD). The dermal-
epidermal junction beneath melanocytes or in damaged areas
was excluded from this study. Gold particles that appeared
clumped or associated with any deposit were excluded.

For each antibody or antisera, the positions of gold parti-
cles were statistically tested by one-way ANOVA and a two-
sample #-test using the Minitab statistical package (Minitab
Inc; University of Pennsylvania, Philadelphia, PA). An anti-
body (4C7) that recognizes a carboxyl terminal domain of the
a5 chain of laminins 10/11 was used to determine the mean
position of labeling directly beneath the keratinocyte plasma
membrane (Engvall et al. 1986; Makino et al. 2002)(see
Figure 1 for epitope position). The labeling of the o§ chain
was compared with the distribution of the G1 domain of

McMillan, Akiyama, Nakamura, Shimizu

laminin-S «3 chain (using data previously reported by
McMillan et al. 2003b).

Results

Confocal Fluorescence Microscopy of Control Skin

Laminin-5 staining was restricted to the dermal-
epidermal junction in control skin (data not shown).
This was similar to the dermal-epidermal junction
staining of a5 chain of laminins 10 (data not shown).
Laminins 10 and 11 were also expressed in dermal
blood vessels. Laminin 11 (as identified by the $2
chain) dermal-epidermal junction staining was present
in adult control thigh and arm skin but was variable in
other samples including scalp skin. Therefore, B2 chain
expression appears to be distinct and independent from
that of the o5 chain. Staining for the o5, 81, and y1
chains was weaker in the adult dermal-epidermal junc-
tion than in blood vessels (data not shown), whereas
dermal-epidermal junction staining was generally
brighter in younger skin samples (<16 years, data not
shown). This would appear to support a previous re-
port of age-dependent expression of the laminin 10/11
chains (Pouliot et al. 2002).

Confocal fluorescence microscopy (Figures 2A-2C)
showed that both laminin-5 and o5 chains are ex-
pressed in the dermal-epidermal junction of control
interfollicular epidermis except for small gaps (white
arrows in Figures 2A and 2B) beneath small isolated
cells presumed to be melanocytes staining blue for
the melanocyte marker, TMH-1 (Figures 2A and 2B)
(Masunaga et al. 1996). These data suggest that laminin-
10 chains are restricted to beneath keratinocytes and are
not expressed beneath melanocytes.

A previous scalp skin and hair follicle immunohis-
tochemical study (Akiyama et al. 1995) demonstrated a
specific staining pattern for many HD and anchoring
filament components, particularly laminin 5, which
manifests as reduced staining around the lower hair
bulb and a reemergence of staining over the dermal
papilla region (Akiyama et al. 1995). We observed this

Table 2 Immunogold particle distribution shows the majority of laminin labeling is restricted to beneath the

hemidesmosome (HD) plaque

Recognizes chain Present in which Number of Frequency of gold particles
Antibody/antisera and epitope chain/isoform(s) skin samples under HDs % (+SD)
Laminin 5 All chains® Lam 5% 22 77-88%
BM-165 a3 chain Lam 5/6 4 82.65 (+3.87)
4ac7 a5 chain Lam 10/11 4 84.3 (+3.89)
2E8 81 chain Lam 6/10 4 91.7 (+x3.99)
c4 82 chain Lam 7/11 4 88.4 (+3.56)
D18 y1 chain Lam 6/7/10/11 4 92.0 (+2.65)
M3F7 Collagen IV al/a2 helical (IV) 4 61.3 (=3.05)

?Data from McMillan et al. 2003b and Masunaga et al. 1996.
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Figure 2 Reduced laminin 10 (green,
FITC) and laminin 5 (red, Texas Red) la-
beling below the melanocyte marker
TMH-1 (blue, CY-5) of normal adult
control skin. Both laminin 5 and the o5
chain colocalize (orange color) within
the dermal-epidermal junction (A)
and both are expressed oniy weakly
or are absent beneath melanocytes
(B,C, in blue, see white arrows). The o5
chain of laminins 10/11 together with
laminin 5 is not expressed beneath
melanocytes (A-C, white arrows) but
does show a distinct, strong expression
pattern that includes dermal vessels
(A-C, open arrows). Bar = 25 um; Inset
C=10pm.

characteristic pattern of staining along the majority
of the follicles, for both laminin 5 (bracketed area in
Figure 3A) and the laminin a5 chain (brackets and
dotted line in Figures 3B and 3D). The laminin B1 and
v1 chains also showed this staining pattern (data not
shown). There was no staining for the B2 chain in the
hair follicle (data not shown). The dermal-epidermal
junction of the bulge region stained for both a3 and the

Figure 3 indirect immunofluorescence shows a
typical hemidesmosomal (HD) component-like
expression pattern of the laminin o5 chain in
late anagen human hair follicles. A previous
scalp hair follicle immunohistochemical study
(Akiyama et al. 1995) demonstrated a specific
staining pattern for many HD-anchoring fila-
ment-associated components including faminin
5. In our study, both faminin-5 polyclonal stain-
ing (A) and the laminin «5 chain (B, 4C7) showed
characteristic bright patterns along the epi-
dermal proximal hair shaft including the bulge
region (B,C, Bu) but progressively weaker stain-
ing toward the hair bulb (D, bracketed areas)
with staining becoming brighter again higher
up the hair shaft. Laminin a5 chain staining was
present in the shaft (B) bulge region (B,C) and
the apical tip of the hair bulb matrix (D). Laminin
A1 and y1 chains showed similar staining to the
a5 chain {data not shown). No laminin 82 chain
staining was detected in the hair follicle (data
not shown). Bar = 25 um.

oS chains (Figures 3A and 3B, Bu) and the a5 chain also
stained the erector pili muscle (Figure 3C, EP).

Confocal Fluorescence Microscopy of Epidermolysis
Bullosa Skin

The expression of laminins 5 (y2 chain), 10 (all chains),
and 11 (B2 chain) in patients with different forms of EB
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was compared. In both control (Figure 4A) and all of  with defects in laminin 5 (a5 chain, Figures 4B and 4C,
the EB subtypes (Figures 4B-4H), a5, B1, B2, and 1 respectively, asterisks show the split area) (Uitto and
chain expression was detectable. Laminin expression  Pulkkinen 2001). The reduction in a5 and B2 chain ex-
was weak in areas of split skin particularly in HJEB  pression in HJEB patients, particularly over split skin,

Figure4 Laminin a5 and B2 chains are expressed beneath the epidermis in epidermolysis bullosa (EB) skin but are focally reduced in split lethal
Herlitz junctional EB (HJEB) skin. The laminin &5 chain in control skin showed linear fluorescence along the dermal-epidermal junction and in
dermai blood vessels (A). However, in non-lethal (B) and HJEB skin (C,D}, the laminin o5 and B2 chains showed reductions in dermal-epidermal
junction staining, especially where areas of skin had become separated (C, asterisks). This effect was due to antigen degradation in HJEB skin
during skin separation as demonstrated by reduced collagen IV staining (O, arrows:) over the split areas (O, asterisks), whereas control skin (M),
non-lethal junctional EB (NLJEB) (N) and dystrophic EB skin (P) showed bright linear collagen IV staining, respectively. The presence of o5 and
B2 chain staining in intact EB skin demonstrates that these chains are independently synthesized and maintained even in the presence of other
defective basement membrane components. All other cases of EB showed normal staining for the laminin o5 chain (and 2 chain, not shown),
including junctional EB associated with pyloric atresia (JEB-PA with defects in a6p4 integrin (E), EB simplex associated with muscular dystrophy
(EBS-MD with defects in plectin) (F), NLIEBBP180 with defects in BP180 (G), and severe recessive dystrophic EB (SRDEB with collagen VIl defects
(H). In control and SRDEB patients’ skin, laminin-5 y2 chains were normally expressed (I and L, respectively) using the y2 chain monoclonal
antibody GB3. Laminin-5 expression was severely reduced and absent in both the NLIEB and HJEB cases (J,K), respectively, harboring severe
defects in laminin 5. Bar = 50 pm.

P

Figure5 The majority of laminin 5 and laminin 10/11 chains are restricted to the lamina densa beneath HDs, whereas collagen IV is expressed
continuously along the basal lamina. Postembedding immunoelectron microscopy with anti-a5 chain (laminin 10) (A-D) and double labeling
with anti-a3 chain (laminin 5) (E) antibodies in control skin reveals a similar labeling pattern for these laminins. Collagen IV (M3F7), however, is
not restricted to beneath HDs but is continuous along the basal lamina (F). Double labeling with laminin 5 polyclonal antiserum (15 nm gold
particles) and laminin 10/11 {with smaller 5 nm gold particles) shows that the majority of labeling colocalizes beneath HDs at the border
between the lamina lucida and lamina densa (E). The majority (84%) of laminin «5 chain labeling (see Table 2 and A-D) was restricted to areas
immediately beneath the HDs, over the LD border (A-D, arrows) whereas only 61% of collagen IV was restricted o beneath HDs (F). HD plaques
(solid arrows) are shown within the keratinocyte cytoplasm (white cross) and the lamina lucida highlighted by asterisks. Bar = 0.2 pm.
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suggested that this effect might be due to antigen deg-
radation in vivo in the split areas. The presence of a5
and B2 chains in intact EB skin, however, confirms that
these chains are capable of being independently syn-
thesized and assembled even in the total absence or in
the presence of defective laminin 5. All other EB cases
also showed normal staining for other laminins in-
cluding junctional EB associated with pyloric atresia
(JEB-PA) (with defects in a6B4 integrin, Figure 4E), EB
simplex associated with muscular dystrophy (EBS-MD)
(with defects in plectin, Figure 4F), non-lethal junc-
tional (NLJEB) (with defects in BP180, Figure 4G), and
severe recessive dystrophic epidermolysis bullosa
(SRDEB) (Figure 4H). In control and SRDEB patients’
skin there was normal staining for laminin 5 (y2 chain
using the antibody GB3, see Figure 4L). This was in
contrast to laminin-S chain staining that was severely
reduced or absent in both the NLJEB (Figure 4]} and
HJEB cases (Figure 4K), harboring severe defects in
laminin-S expression.

Immunogold Electron Microscopy and
Quantitative Analysis

Labeling of control interfollicular epidermal sections
showed that the majority of laminin-10 «5 chains
(Figures SA-5D; Table 2), B1, vy1, and 11 chain (B2
chain, data not shown) were restricted to under the
cytoplasmic HD outer plaques. This was in contrast to
collagen IV, which was not as restricted to beneath
epidermal HDs plaques (see Figure 5F, 61% collagen
IV vs 82% laminin 5). The difference between all lami-
nin and collagen values was statistically significant
using the one-way ANOVA (p<0.001) and Student’s
t-test (p<0.000). All four o3, $1, B2, and 1 chain
antibodies and antiserum showed a remarkable simi-
larity in the percentage of labeling associated with the
HD attachment plaque and anchoring filament com-
plex beneath HDs, ranging between 84% and 92% (see
Table 2). Furthermore, these values reflect an almost
identical (HD restricted) expression pattern to the
previously reported values for laminin-5 subunits
(Masunaga et al. 1996; McMillan et al. 2003b) (part
of these findings are also included in Table 2). Our data
are very similar to those of laminin 5 (a3 chain) that on
average demonstrated 82% of labeling restricted to
beneath HDs (see Table 2) at a distance ranging from
35 to 45 nm below the plasma membrane at the LL-LD
junction (Masunaga et al. 1996; McMillan et al.
2003b). The precise distance of the 4C7 epitope on
the C-terminal portion of the a5 chain was 53.07 nm
{+6.69 SD) from the plasma membrane (arrows,
Figures SA-5D). This is 18 nm lower than the G1 do-
main of the laminin-5 a3 chain described previously
(see Figure 1) (McMillan et al. 2003b). The difference
between these two « chain mean values was statistically
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significant using the one-way ANOVA (p>0.01) and
Student’s t-test (p=0.009). However, visual examina-
tion of the distribution of these two antigens revealed
overlapping values ~30-40 nm beneath the plasma
membrane, the only difference being that the a5 chain
showed a wider range of labeling that extended deeper
in the LD compared with the a3 chain. The remaining
three B1-, B2-, and y1-chain antibodies recognized, as
yet unidentified, epitopes on specific laminin chains and
were therefore not included in the plasma membrane
distance measurements. However, all three antibodies
showed upper LD labeling {(not shown), the majority of
which were restricted to beneath HDs similar to the a5
chain. The three $1-, 2-, and y1-chain antibodies were
excluded from the distance measurements but were
scored for their localization either beneath visible HD
attachment plaques (as defined by McMillan and Eady
1996) or within inter-HD areas.

Double labeling for the a5 chain of laminins 10/11
(highlighted by 5-nm small gold particles) and whole
anti-laminin § antiserum (shown by the larger 15-nm
gold particles) shows a similar labeling pattern in
the LD beneath electron densities presumed to be HDs
(Figure 5E). HD plaques are visible within the
keratinocyte cytoplasm (white cross) and the dermal-
epidermal junction is separated by the LL (Figure SE,
asterisks). Together our data suggest that the a5 chains
(including B1, B2, and v1 chains, see Table 2) show a
restricted expression pattern beneath HDs, similar to
laminin § but unlike collagen IV.

Discussion

We have demonstrated that the o5, 81, and y1 chains
show a similar localization to laminin 5 in the human
interfollicular epidermal basement membrane. These
data support the presence of multiple laminin isoforms
beneath HDs in the basement membrane at several
different epidermal sites. A very different localization of
collagen IV within the LD but not restricted to beneath
HDs was observed. These data suggest a complex net-
work of interactions between different basement mem-
brane components beneath the epidermis (Ghohestani
et al. 2001; McMillan et al. 2003a; Miner and
Yurchenco 2004).

In addition we have demonstrated that the expres-
sion of the a§ and B2 chains is independent of laminin
5, as demonstrated by residual staining in HJEB
patients’ skin. The reduction in a5 and B2 chain ex-
pression in HJEB was only observed over separated,
blistered areas of skin, suggesting that this effect is due
to separation-induced antigen degradation in vivo. This
was supported by reduced collagen IV staining in split
areas of EB skin. This was confirmed after reduced
collagen IV staining was observed within separated
areas of HJEB skin samples (data not shown). Our
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results also suggest that the presence of other laminins
cannot fully compensate for defects in laminin-5-
deficient HJEB skin (McMillan et al. 1997,1998). The
a5 and B2 chains were also normally expressed in all
other EB samples harboring defects in plectin, collagen
XVII (bullous pemphigoid antigen 2), the a6f4 in-
tegrin, and collagen VIL

In previous reports (Aumailley and Rousselle 1999),
the laminin B2 chain was not expressed in the epider-
mal basement membrane of neonatal foreskin. How-
ever, we showed weak, variable 32 chain expression (in
thigh and arm skin) and absences in other body sites
(scalp skin). We conclude that the lack of B2 staining
may be due to several factors: antigen masking, a low-
level expression, or site- or age-specific variations in
human laminin B2 chain expression that may include
posttranslational protein processing seen in other lami-
nin isoforms (Miner et al. 1997),

Laminin 5, together with several HD-associated
antigens, is expressed in a specific pattern around late
anagen hair follicles that excludes staining around the
dermal papilla area (Akiyama et al. 1995; Nutbrown
and Randall 1995). Laminin-10 chains also show this
similar expression pattern in late anagen hair follicles.
Unlike laminin-5 and laminin-10 chains, we failed to
observe any B2 chain expression (laminins 7/11) in any
part of the adult hair follicle; however, this may be due
to a low level of antigen expression or masking of the
B2 chain epitope. The significance of these findings may
be related to the specific growth phases of the lower
non-permanent portion of the hair follicle,

In the laminin a5 chain knockout mouse, an unusual
disruption in hair follicle morphogenesis was demon-
strated (Li, et al., 2003). Li et al. (2003) reported that,
in control mice, laminin 10 was present in murine elon-
gating hair germs when other laminins were down-
regulated, suggesting a specific role for this laminin in
hair follicle development and follicular keratinocyte
migration. Mouse skin lacking laminin 10 also con-
tained fewer hair germs and follicles compared with
control mice, and after transplantation experiments this
skin showed a failure of hair germ elongation and de-
fective basement membrane assembly. Intriguingly,
treatment of these mice with purified exogenous lami-
nin 10 corrected these defects and restored hair follicle
development. Given that human hair follicles are slow
cycling and the majority remains in the late anagen
phase and shows different growth characteristics to
murine follicles, our failure to demonstrate such growth
phase-specific differences in the expression of laminin
10 during the hair cycle stages is not surprising.

The presence of multiple laminin isoforms beneath
HDs suggests the hypothesis that there are laminin
subunits possibly with overlapping functions that form
focal clusters of laminin molecules. This was in contrast
to collagen IV, which was not restricted to HDs and

localized to the LD region. Ultrastructural data show
that the a3 chain (laminin 5} is closer to the plasma
membrane than the o5 chain (with only an 18-nm
difference, see Table 2). This might suggest that the o5
chain is more closely associated with a LD component
such as collagen TV. However, given the size of both
laminin chains of ~80-100 nm (as determined by rotary
shadowing experiments), our data suggest a significant
overlap occurs between o3 and a5 chains (Marinkovich
et al. 1992; Vailly et al. 1994). Further studies using a
larger battery of antibodies are required to determine
the orientation of these laminin components.

Together these data show for the first time that lam-
inin 10/11 chains are restricted to beneath HDs similar
to laminin 5 but distinct from collagen IV. Our data sug-
gest a specific localization of multiple laminin isoforms
in the epidermal basement membrane beneath HDs and
support the hypothesis that several laminins in close
association may promote stable cell attachment among
different basement membrane molecules.
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Simultaneous application of basic fibroblast
growth factor and hepatocyte growth factor to
enhance the blood vessels formation

Akira Marui, MD,* Akihiro Kanematsu, MD, PhD,? Kenichi Yamahara, MD, PhD,* Kazuhiko Doi,
MD,? Toshihiro Kushibiki, MS,” Masaya Yamamoto, PhD," Hiroshi Itoh, MD, PhD,¢ Tadashi Ikeda,
MD, PhD,* Yasuhiko Tabata, PhD, DMSc, DPharm,” and Masashi Komeda, MD, PhD,* Koyoto, Japan

Objective: The present study investigated whether the simultancous application of basic fibroblast growth factor (bFGF)
and hepatocyte growth factor (FIGF) enhances blood vessel formation in murine ischemic hindlimb compared with bFGF
or HGF applied alone.

Methods: Unilateral hindlimb ischemia was created in C57BL/6 mice. Hindlimb blood flow was evaluated by laser
Doppler perfusion image index (LDPII) (ratio (%) of ischemic-to-normal-limb blood flow). The ischemic limbs were
treated with bFGF and FIGF separately, or bFGF and HGF together, and their therapeutic effects were assessed. Collagen
microspheres (CM) were used as a sustained-release carrier for bFGF and HGE.

Results: A single intramuscular injection of 5 pg or less of bFGF-incorporated CM (bFGF/CM) into the ischemic
limb did not significantly increase the LDPII compared with the control (no treatment) 4 weeks after the treatment,
Similarly, 20 pg or less of HGF/CM did not increase LDPIIL. Based on these results, we compared the dual release
of CM incorporating 5 pg of bFGF and 20 pg of HGF with either the single release of 5 pg of bFGF/CM alone or
20 pg of HGF/CM alone. The LDPII of the dual release (94.2% ® 10.9%) was higher than either single release
(51.2% = 5.8% or 52.5% = 8.0%, P < .01). Furthermore, the LDPII in the dual release (94.2% % 10.9%) was
equivalent to that with 80 pg of bFGF/CM (95.1% = 7.6%) alone or 80 pg of HGF/CM (92.8% * 7.6%) alone. A
histologic evaluation at 4 weeks showed capillary density in the dual release (868 = 173 vessels/mm?) was higher
than that in cither single release (204 + 68 vessels/mm? or 185 + 98 vessels/mm?, P < .01). The percentage of
mature vessels assessed by a-smooth muscle actin staining was also higher in the dual release (43.8% = 7.8% vs 9.5%
* 3.0% or 11.7% = 3.8%, respectively; P < .01).

Conclusions: This study demonstrates that the sustained dual release of a lower dose of bFGF and HGF from a carrier
matrix can achieve equivalent blood perfusion recovery and more mature vasculature in the ischemic limb than a higher
dose of bFGF or HGF alone. This approach may be a highly promising strategy for the future treatment of peripheral
vascular disease. (J Vasc Surg 2005;41:82-90.)

Clinical Relevance: Clinical trials of growth-factor therapies for ischemia have revealed several problems, such as
immature vasculature, adverse effects of high-dose growth factors, or immune and inflammatory responses of viral
vectors. This study demonstrates that the sustained dual release of lower-dose basic fibroblast growth factor (bFGF) and
hepatocyte growth factor (HGF) from biodegradable collagen microspheres (CM) can achieve equivalent blood perfusion
recovery and more mature vasculature in ischemic limb than higher-dose bFGF or HGF alone. CM does not aggravate
focal inflammation in the ischemic limb. This approach may be a highly promising strategy for the future treatment of
peripheral vascular disease.

The development of growth-factor therapy has shown
encouraging results in various clinical studies in cardiovas-
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cular field.*** However, there are still unignorable concerns
for unstable and immature vasculature, adverse effects of
high-dose growth factors, and immune or inflammatory re-
sponses of viral vectors.? 8 Specifically, prolonged exposure of
skeletal muscle or myocardium to high local levels of vascular
endothelial growth factor (VEGF) or the fibroblast growth
factor (FGF) family of peptides can cause hemangioma-like
tumors, vascular malformations, and neointimal develop-
ment.®® To minimize such adverse effects, dose-reduction
of these angiogenic growth factors would be an important
strategy in this field.

Combination therapy is a common way to obviate dose
escalation of a single agent in multiple clinical areas such as
antihypertensive therapy or cancer chemotherapy. In areas
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