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Rapid immunochromatographic test for serum
granulysin is useful for the prediction of Stevens-

Johnson syndrome and toxic epidermal necrolysis

Yasuyuki Fujita, MD,? Naoya Yoshioka, MS,* RllChll'O Abe, MD, PhD,* Junko Murata, MD, PhD,?
Daichi Hoshina, MD,* Hirokatsu Mae, MS,” and Hiroshi Shimizu, MD, PhD?*
Sapporo, Japan

Background: Life-threatening adverse drug reactions such as Stevens-Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN) sometimes start with clinical features of ordinary drug-induced skin reactions
(ODSRs) and it may be difficult to make a correct diagnosis before severe mucocutaneous erosions occur.
We have reported that serum granulysin levels are elevated (cut off: 10 ng/mL) in patients with SJS/TEN
before generalized blisters form.

Objective: We sought to develop a rapid detection system for elevated serum granulysin to predict the
progression from ODSRs.

Metbods: Serum samples from 5 patients with SJS/TEN at 2 to 4 days before mucocutaneous erosions
formed were analyzed. Sera from 24 patients with ODSRs and 31 healthy volunteers were also investigated
as control subjects. We developed a rapid immunochromatographic assay for the detection of high-level

serum granulysin using two different antigranulysin monoclonal antibodies.

Results: The immunochromatographic test showed positive results for 4 of 5 patients with SJS/TEN but
only one patient of 24 with ODSR. The results correlated closely with those of enzyme-linked

immunosorbent assays.

Conclusion: This novel test enables the prediction of SJS/TEN occurrence in patients even when only
ODSRs have been observed. (J Am Acad Dermatol 10.1016/j.jaad.2010.04.042.)

Key words: adverse drug eruption; diagnostic test; granulysin; Stevens-Johnson syndrome; toxic epidermal

necrolysis.

idermal necrolysis (TEN) are life threatemng
adverse drug reactions characterized by blister
formation and widespread skin detachment.” In the
early stage, SJS/TEN presents clinically as edematous
papules or erythema multiforme—Tlike target rashes,

S tevens-Johnson syndrome (SJS) and toxic ep-
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which are very similar to those of ordinary drug-
induced skin reactions (ODSRs). Such a clinical
course makes it difficult to reach a diagnosis of
SJS/TEN in the early stage, and this results in high
mortality. There is an urgent need for a method to
distinguish between early-stage SJS/TEN and ODSR.

The method should be as fast as possible,
because SJS/TEN usually occurs within a few days.
Furthermore, the technique should be as clinically
simple as possible, such as using immunochromato-
graphic test strips that are available for the detection
of influenza infections. Among several candidates for
diagnostic markers, we examined soluble Fas ligand
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(sFasL) and found that it is elevated in the sera of
patients with SJS/TEN in the early stage, before
mucocutaneous erosions appear.>® It would be

very useful to be able to predict the occurrence of

SJS/TEN, but sFasL serum levels are too low (cut off:

100 pg/mL) for use in a rapid diagnostic device.
Chung et al* recently reported that granulysin is

CAPSULE SUMMARY

highly expressed in blisters of
patients with SJS/TEN. We
found that both serum gran-
ulysin and sFasL are higher in
patients with  early-stage
SJS/TEN than in patients
with ODSR.” Serum levels of
granulysin are 100 times
higher (cut off: 10 ng/mL)
than those of sFasL. Based
on these observations, we
developed a rapid immuno-
chromatographic assay for
the detection of high-level
serum granulysin to diagnose
and predict the early stage of |
SJS/TEN. &

¢ ;necrolysrs. :

METHODS
Patients

. We recentiy found that erum granulysm g
levels are elevated in patients who
. afterward developed Stevens-Johnson

- syndrome and toxlc epldermal

In this report we developed anovel i
: lmmunochromatographlc test to detect
high serum granulysin. With this devrce 0
“we can predict whether patients with
e maeulepapular rash develop severe drugi

J AM Acap DERMATOL
= 2010

immobilization of antimouse 1gG. The granulysin in
the serum sample specifically bound to the micro-
particles via RB1 and comigrated upward until the
granulysin was sandwiched with the immobilized
RCS8, revealing a visible result line. The entire test
procedure was completed within 15 minutes.

Enzyme-linked
immunosorbent assay
The granulysin concentra-
tions of the serum samples
were measured with a
sandwich-enzyme-linked im-
munosorbent assay as previ-
ously described.®’ In brief,
96-well flat-bottomed plates
were coated with 5 mg/mL
of RB1 antibody and stored
overnight at 4°C. The plates
were then washed and
blocked with phosphate-
buffered saline containing
0.1% Tween-20 (washing
buffer) and blocked with
10% fetal bovine serum in
washing buffer at room
temperature for 2 hours. The

SJS refers to cases with
mucosal erosions and epidermal detachment of less
than 10% of the body surface area, and TEN refers to
those with more than 30% involvement. Disease
onset in patients with SJS/TEN was defined as the
day when the mucocutaneous or ocular lesion first
eroded or ulcerated (day 1).® From multiple Japanese
institutions, we obtained serum samples. from 35
patients with SJS/TEN.? Of these, we investigated 5
patients whose sera had been collected before the
diagnosis of SJS/TEN (day —2 to —4). The patient
information is listed in Table I. Serum samples from
patients with ODSR (n = 24) and healthy volunteers
(n = 31) were also analyzed. Informed consent was
obtained from all patients, and the procedures were
approved by the Ethical Committee of the Hokkaido
University Graduate School of Medicine, Sapporo,

Japan.

Immunochromatographic assay

In the immunochromatographic test, a murine
monoclonal antibody specific to human granulysin
(RB1, MBL, Nagoya, Japan) was conjugated with
microparticles and then placed on the glass mem-
brane area of the test device in a dry state. Another
granulysin monoclonal antibody (RC8, MBL) was
immobilized on a nitrocellulose membrane to form a
result line. Likewise, a control line was created by the

samples and standards (re-
combinant granulysin, R&D Systems, Minneapolis,
MN) were incubated for 2 hours at room temperature.
Then they were reacted with 0.1 mg/mL of biotiny-
lated RC8 antibody for 1 hour. The plates were then
treated with 0.2 mg/mL of horseradish-peroxidase-
conjugated streptavidin (Roche Diagnostics, Basel,
Switzerland) for 30 minutes at room temperature.
The plates were incubated with tetramethylbenzidine
substrate (Sigma, St Louis, MO) for 30 minutes at

Q3

room temperature, and then 2N H>SOy was added. Q4

The optical density was measured at 450 nm
using a microplate reader (Mithras LB940, Berthold
Technologies, Thoiry, France).

RESULTS

We first applied diluted recombinant human
granulysin protein to the immunochromatographic
test strips, to confirm the threshold and reliability of
the assay. Approximately 10 ng/mL of sample
yielded a result line, and 3 repeated investigations
brought the same results (Fig 1, 4).

Based on this observation, we then applied serum
samples to detect the elevated granulysin levels. Four
of 5 SJS/TEN samples showed positive results (Fig 1,
B). All the positive samples had elevated granulysin
as detected by enzyme-linked immunosorbent assay
analysis (30.35 = 9.91 ng/mL, average = SEM). The
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Table I. Patient information

Fujitaetal 3

Patient No. Age, y Sex Diagnosis Affected skin area Causative drug Serum granulysin (d)
1 17 M SIS 20% Carbamazepine 52.1 (=3)
2 66 F TEN 70% Imatinib 14.2 (—3)
3 27 F SJS <10% Unknown 42.2 (—4)
) 80 M SJS 5% Phenytoin 129 (-2)
5 25 F SJS Only mucosal lesions Unknown 27 (-2)
F, Female; M, male; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis.
only sample with a negative result had granulysin at i 3
the normal level of 2.7 ng/mL. Conversely, one in 24 ¢ g 100ngimi
ODSRs samples and none of 31 healthy volunteers ¥ - Song/ml
showed positive bands in this immunochromato- B : P
graphic test. The test showed a sensitivity of 80% and 53
a specificity of 95.8% for SJS/TEN versus ODSRs. The 10ng/mi
results of the immunochromatographic test corre-
lated closely with early diagnosis for SJS/TEN (P = . Sng/ml
1.02 X 1073, analyzed by Fisher exact probability § Normal human serum
test). Al
ko (i ! 777 1, SUS/TEN day -3
DISCUSSION ’ 2; SUS/TEN day +7
We succeeded in developing a rapid immuno- v -
chromatographic test for the detection of high-level 3; Granulysin 50ng/mi
serum granulysin that puts our previous findings to ?
practicagl USe.yAlthOUgfll) 20% ofpthe cases Coul(gi be BEuer - % s 4 Nomalhumanserum

missed, it would be a useful adjunct in diagnosing
SJS/TEN. It would not be necessary for every mor-
billiform drug eruption. We suggest that the test be
applied when clinical findings hinting at SJS/TEN,

such as target lesions, are seen. However, two

biopsies should be done as soon as SJS/TEN. are
suspected, for hematoxylin-eosin and-frozenlooking:
for necrotic keratinocytes, which is another sensitive
test.® If the results of either method are negative,
careful daily and hourly monitoring of the patient for
a few days should take place. Furthermore, to assess
the severity of illness and to predict mortality, we
should use the mathematlcal tool called SCORTEN
that has been developed.”

Granulysin, a member of the saposin-like protein
family of lipid-binding proteins, exhibits potent cy-
totoxicity against a broad panel of microbial targets,
including tumor cells, transplanted cells, bacteria,
fungi, and parasites, damaging negatively charged
cell membranes.'® Granulysin plays important roles
in host defense against pathogens, and it induces
apoptosis of target cells in a mechanism involving
caspases and other pathways.!' Chung et al* re-
ported that granulysin was identified as the most
highly expressed cytotoxic molecule in blisters of
patients with SJS/TEN. Very recently, we showed that
granulysin levels of sera from patients with SJS/TEN
are significantly elevated before the development of

Fig 1. A, Immunochromatographic test strip detects ele-
vated granulysin. 7 fo 6, Diluted recombinant granulysin is
applied. %, Normal human serum as negative control
(1.4 ng/mL). Approximately 10 ng/mL of granulysin in-
duces positive result. B, Detection of serum granulysin by
immunochromatographic test. 7, Serum taken from patient
1 with early Stevens-Johnson syndrome (§/S)/toxic epi-
dermal necrolysis (7EN) at 3 days before blister formation.
Although patient showed only edematous erythema and
papules without mucous manifestations, serum granulysin
was measured as 52.1 ng/mL afterward. 2, Ten days after
blister formation in same patient with SJS/TEN. No bands
are observed, and serum granulysin has decreased to
5.7 ng/mL. 3, Recombinant human granulysin as positive
control. 4, Normal human serum as negative control

(3.5 ng/mL).

skin detachment or mucosal lesions.> The elevated
serum granulysin levels decrease rapidly within 5
days after disease onset. Such an elevation pattern is
similar to that of sFasL.> When granulysin levels for
patients with SJS/TEN in the early stage were com-
pared with those levels for patients with ODSR and
healthy control subjects, the differences were statis-
tically significant.’

This novel test enables the early diagnosis of
SJS/TEN in patients with cutaneous adverse drug
reactions that are otherwise indistinguishable from
ODSRs.
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Bone marrow transplantation restores epidermal
basement membrane protein expression and
rescues epidermolysis bullosa model mice
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Attempts to treat congenital protein deficiencies using bone marrow-
derived cells have been reported. These efforts have been based on
the concepts of stem cell plasticity. However, it is considered more
difficult to restore structural proteins than to restore secretory
enzymes. This study aims to clarify whether bone marrow trans-
plantation (BMT) treatment can rescue epidermolysis bullosa (EB)
caused by defects in keratinocyte structural proteins. BMT treatment
of adult collagen XVII (Col17) knockout mice induced donor-derived
keratinocytes and Col17 expression associated with the recovery of
hemidesmosomal structure and better skin manifestations, as well
improving the survival rate. Both hematopoietic and mesenchymal
stem cells have the potential to produce Col17 in the BMT treatment
model. Furthermore, human cord blood CD34* cells also differen-
tiated into keratinocytes and expressed human skin component
proteins in transplanted immunocompromised (NOD/SCID/y.™")
mice. The current conventional BMT techniques have significant
potential as a systemic therapeutic approach for the treatment of
human EB.

hematopoietic stem cells | type XVII collagen

Bone marrow-derived cells, including hematopoietic stem cells
and mesenchymal stem cells, have been reported to play
a significant role in the recovery of various impaired organs (1-8).
Although some papers have reported that “transdifferentiation”
of circulating hematopoietic stem cells is an extremely rare event
(9), previous reports have shown that expression of systemic
enzymes and certain secreted factors can be recovered after bone
marrow transplantation (BMT) (10).

Epidermolysis bullosa (EB) comprises a group of genoderma-
toses, which are caused by mutations in one of the genes encoding
anchor proteins that stabilize the basement membrane zone
(BMZ) of the skin and mucous membranes (11). Collagen XVII
(COL17) is a transmembrane component of hemidesmosomal
adhesion structures anchoring cells to the BMZ. COL17 is the
gene underlying non-Herlitz junctional EB in humans, a disorder
that causes severe skin fragility, hair loss, growth retardation, and
enamel hypoplasia (11). There is no effective treatment for EB
other than palliative care. Gene-treated cultured autografting,
reported by Mavilio et al. (12), is a promising therapeutic ap-
proach for junctional EB. However, its effects are limited to the
area of application, in addition to the ethical and safety problems
of using viruses for gene correction, even if the recent de-
velopment of lentiviral vectors with favorable safety might be able
to avoid the risks of gene augmentation with traditional retroviral
constructs (13). Therefore, systemic and ethically safer therapies
would be preferable.

Previous work reported that cells of human or murine origin do
home to the skin, such as in graft-versus-host disease in humans
(14) and epithelial progenitors in murine bone marrow (15). Our
group reported that donor-derived keratinocytes could be identi-

www.pnas.org/cgi/doi/10.1073/pnas. 1000044107

fied at wound sites in a BMT model (16). This suggests that BMT
techniques have the potential to provide functional keratinocytes
over the entire skin surface. The current study investigates whether
BM-derived cells can differentiate into donor-derived keratino-
cytes and subsequently produce detectable COL17 protein after
BMT, with the ultimate goal of improving the clinical phenotype
and contributing to long-term survival in our model mice.

Results

Donor BM-Derived Cells Express Col17 Protein in the BMZ in Recipient
Mouse Skin. To investigate whether BM-derived keratinocytes can
produce skin component proteins, we transplanted BM-derived
cells of C57BL/6 mice expressing human COL17 (hCOL17)
driven by the keratin 14 promoter (COLI7™*'*"*) into wild-
type C57BL/6 mice in the first set of experiments. Detection of
hCOL17 protein in the epithelized recipient skin would indicate
that donor BM-derived cells had differentiated into keratino-
cytes. Immunohistochemical analysis revealed hCOL17 protein
expression in the BMZ within the wounded area for four out of
the eight BMT-treated C57BL/6 mice (Fig. 14). RT-PCR anal-
ysis also showed evidence of hCOL17 mRNA expression in five
out of the eight treated mice (Fig. 1B).

We subsequently performed another BMT experiment: BM-
derived cells from GFP* Tg mice were transplanted into COL17-
humanized (COL17"~">"*) mice (Fig. S1) (17). In this experi-
mental pattern, BM-derived cells that differentiated into kerati-
nocytes in the host mice were found to have the potential to
produce mColl7 protein. BM-derived nonhematopoietic cells
expressing GFP* CD45~ were sparsely observed, accounting for
1.83 +0.82% (n = 5) of the basal layer cells (Fig. 1C). Aggregated
GFP™" cytokeratin* cells were also found in the basal cell layer
(Fig. 1D). Epithelized skin areas in this experiment demonstrated
mColl7 protein expression, although unwounded areas of the
transplanted COLI7™>"* mice failed to express that protein
(Fig. 1E). This mCol17 expression lasted at least 9 mo after wound
formation in two out of the three investigated mice (Fig. S2). RT-
PCR analysis also revealed the expression of mCol17 mRNA in
epithelized skin from four of the five transplanted mice, indicating
that the BM-derived epidermal cells were able to express active
mColl7 (Fig. 1F).
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Fig. 1. BMT-induced donor cell-derived COL17 in the epithelized skin tissue.
(A) The donor-derived hCOL17 expression is observed in the epithelized skin
areas of BMT-treated C57BL/6 recipients (yellow arrows). Green: mCol17
(KT4.2) or hCOL17 (D20); red: nuclei; broken lines: skin surface; arrowheads:
BMZ. (Scale bars: 50 pm.) (B) Representative RT-PCR analysis for hCOL17
expression reveals positive bands in BMT-treated C57BL/6 recipients. All RNA
samples were extracted from full-thickness skin biopsies, except for HaCaT
from cultured cells. (C) Immunohistochemical analysis of the BMT-treated
COL17™" * skin tissue demonstrates donor-derived GFP* CD45* blood cells
(yellow arrowheads) and recipient-derived GFP~ CD45™ cells (yellow arrow).
Donor-derived GFP* CD45~ (green arrowheads) cells are sporadically noted
in the epidermis. (Scale bars: 20 ym.) (D) Aggregated donor-derived GFP*
cells in the basal cell layer are noted, some of which also express cytokeratin
(white arrows). These cells are thought to be donor-derived keratinocytes.
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BM-Derived Cells Supply Deficient Col17 Protein in the Col17 Knockout
EB Model Mice. Our group recently established non-Herlitz junc-
tional EB model mice (COLI7"7") as a result of homozygous
ablation of the Col17 gene (17). Unlike EB model mice reported by
other researchers, our model has allowed us to obtain adult
COLI17™ mice that can be used for various therapeutic strategies
(Fig. S3). We speculated that mCol17 protein would be reintro-
duced by administering BM-derived cells from BMT treatments
into COL17™~'~ EB model mice. We transplanted BM cells of the
GFP™* Tg mice into the COL17™~'~ mice. All of the mice obtained
hematopoietic chimeras (710. + 4.0%, n = 21). Immunobhisto-
chemical analysis revealed sporadic GFP* cells in the basal cell
layer of the epidermis, accounting for 1.08 + 0.39% of the basal
cells (n = 11). GFP* CD45" cells including cytokeratin™ epidermal
keratinocytes were also found (0.26% =+ 0.08% of basal cells)
(Fig. 24 and Fig. S4). Linear deposition of mCol17 along the BMZ,
and GFP* cells above the mCol17 staining were observed, ac-
counting for 14.7 + 3.0% (n = 11) of the epithelized area (Fig. 2B).
Also, a 180-kDa mCol17 protein was detected in Western blotting
(Fig. 2C). One out of three mice showed positive mCol17 immu-
nohistochemically in unwounded skin from the back (Fig. S54).
Eight out of nine BMT-treated mice showed positive mColl7
mRNA in the epithelized skin tissues. Compared with unwounded
skin, epithelized areas of skin tended to show mColl7 mRNA ex-
pression more frequently (Fig. S5B). We also performed RT-PCR
analysis on the epithelized areas of BMT-treated COLI7™~~ mice
from the epidermis and the dermis by detaching each side enzy-
matically; this revealed positivity only on the epidermal side (Fig.
2D). Next, we sorted GFP™ cells from the single-cell suspension of
epithelized epidermal cells. A portion of the suspended epidermal
cells showed GFP (1.24 + 0.12%, n = 4; Fig. S6), and mRNA ex-
pression specific to epidermal keratinocytes was detected from the
extract of the GFP* epidermal cells. These cells also expressed
mColl7 mRNA in three out of the four investigated mice (Fig. 2E).
To rule out the possibility that cell fusion was occurring between
BM cells and original keratinocytes in the COL17™~~ mice, we
performed FISH analysis in a sex-mismatched BMT model. Several
fused cells with XXXY chromosomes in the same nucleus were
found in the deep dermis of the epithelized skin (Fig. 2F). Con-
versely, no fused cells were found in the epidermis of the samples
we investigated, whereas 50 of 1,793 basal cells (2.79%) showed
donor-derived XY chromosomes. To investigate the restoration of
COL17 expression and its effect on restoring normal BMZ struc-
ture, we performed electron microscopic analysis. In the BMT-
treated COLI7™~"~ mice, a portion of the basal cells had mature
hemidesmosomes (Fig. 2G). The average thickness of outer pla-
ques of hemidesmosomes was 79.7 + 3.2 nm in the wild-type mice,
45.1 + 1.4 nm in the untreated COL17™~'~ mice, and 61.1 + 1.9 nm
in the BMT-treated COL17"~~ mice (P < 0.01). To exclude the
nonspecific effects of bone marrow infusion, a mixture of lineage *
differentiated GFP* BM cells and lineage™ COLI7"~'~ BM cells
was transplanted into the COL 17"/~ mice. No Col17 expression of
mRNA and protein were detected in the epithelized skin (n = 3).

Col17 Knockout Mice Exhibit Less Severe Clinical Manifestations and
Better Survival Prognosis After BMT than Untreated Mice. To in-
vestigate the change in vulnerability to friction in skin that resulted
from the restoration of Col17, we rubbed the back of each mouse
(18). The BMT-treated mice (n = 6) significantly showed forma-
tion of smaller erosions compared with the untreated mice (n = 4)
(Fig. 34). Although our COLI7"~"~ mice survived longer than
previously reported EB models, only 12.5% of the mice survived to
1 mo, approximately half of which died within the followin/g 3 mo
(17). Surprisingly, 16 out of the 20 transplanted COL17"~'~ mice
survived to 100 d after BMT (transplanted on d 35 after birth),
whereas only 7 out of the 17 untreated COLI7™~'~ mice survived to

(Scale bars: 20 pm.) (E) The skin of the recipients shows sporadic, linear de-
position of mCol17 (arrows). The deposition is limited to the epithelized skin
area with acanthosis. (Upper) The entire consolidated image. (Lower) Higher
magnification. (Scale bars: 50 pm.) (F) RT-PCR analysis shows the recovery of
mCol17 mRNA in two out of three representative mice (lanes 2 and 3).
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Fig. 2. BMT treatments induce functional mCol17 in COL77™~ junctional
EB model mice. (A) In the epithelized skin tissue of BMT-treated mice,
a cluster of GFP* cytokeratin® basal cells is observed. Green: GFP; blue: nuclei;
broken lines: skin surface. (Scale bars: 10 ym.) (B) Sporadic GFP* cells (green)
are shown in the epithelized skin of the recipients (arrow). Furthermore,
linear staining of mCol17 is detected in the BMZ (red, KT4.2, arrowheads).
(Scale bars: 20 pm.) (C) Western blotting analysis reveals the expression of
mCol17 in the epithelized area of the BMT-treated COL77™~"~ mouse (lane
3), and a weak band is seen in unwounded skin of a BMT-treated COL717™/~
mouse (lane 2). p-actin: loading control. (D) The expression of mCol17 is
detected only in the epithelized skin and not in the unwounded skin area.
Also, the expression is limited to the epidermis side of the epithelized skin.
(E) The sorted GFP* single epidermal cells of BMT-treated COL17™~'~ mice
express various keratinocyte-specific mRNAs as well as mCol17. Sorted GFP~
cells express these mRNAs, other than that of mCol17. (F) No fused cells are
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d 135 after birth. The survival outcomes were 73.7% for the trans-
planted group and 27.5% for the untreated group at d 200 after
BMT (Fig. 3B). The BMT technique brought significant therapeutic
benefits to the COL17" "~ EB model mice.

The untreated adult COL17™~"~ EB model mice showed spon-
taneous erosions, ulcers, nail deformity, hair loss, and hair graying
similar to those seen in human junctional EB patients lacking
COL17 (17). The erosions were especially severe in the genital
regions (Fig. 3C). The BMT-treated COL17™"~~ mice showed
improvements to clinical manifestations, with fewer spontaneous
erosions than for the untreated COL17™~~ mice and BMT-control
COLI17"~"~ mice (COLI7™~"~ mice as donors). The improvements
were particularly marked in the genital regions (Fig. S7).

Both Hematopoietic and Mesenchymal Stem Cells Contribute to the
Expression of Col17. Because BM cells consist of various differ-
entiated hematopoietic cells and stem cells, there is the question
of which type of BM-derived stem cells produced the Col17 and
caused clinical improvement in the COL17"~"~ EB model mice.
We obtained hematopoietic stem cells (HSCs) and multipotent
mesenchymal stromal cells (MSCs) from GFP* Tg mice, fol-
lowing transplantation of each type of stem cell into COL17™~/~
mice with whole COL17"~'~ BM-derived cells as supporting cells
(Fig. 44). Four weeks after BMT, we confirmed partial chime-
rism (37.0 + 13.7%, n = 5) of GFP in peripheral blood of BMT-
treated mice with GFP* HSCs (HSC-BMT mice), whereas no
GFP™ peripheral blood cells were detected in BMT-treated mice
with GFP™ MSCs (MSC-BMT mice, n = 4) (Fig. S8). Immu-
nohistochemical analysis revealed sparse GFP* cytokeratin®*
keratinocytes in the skin of the HSC- and MSC-BMT mice (Fig.
4B). Both HSCs and MSCs were found to have the potential to
produce mCol17 as observed immunohistochemically; three out
of five HSC-BMT mice and two out of four MSC-BMT mice
showed positive mCol17 (Fig. 4C). RT-PCR analysis also dem-
onstrated the expression of mColI7 in both the HSC-BMT
model (three out of five mice) and the MSC-BMT model (two
out of four mice) (Fig. 4D). HSC-BMT mice showed better
clinical manifestations than untreated COLI7™~ mice, whereas
mice of the MSC-BMT model had a tendency to show more
severe perianal erosions and hair loss (Fig. 4F).

Transplanted Human Cord Blood CD34" Cells Obtain a Keratinocyte-
Like Phenotype and Produce Epidermal Component Proteins. Toward
clinical applications of stem cell transplantation therapies in human
EB patients, we investigated whether the human hematopoietic
stem cells have the ability to supply structural proteins in the BMZ of
the skin. A human-to-mouse xeno§eneic transplantation model was
investigated using NOD/SCID/y.™" (NOG) mice (19). Using im-
munohistochemistry, human cells that expressed human leukocyte
antigen (HLA)-ABC could be seen, and pancytokeratin-positive
cells were sporadically costained (0.39 + 0.15% of the basal cells,
n = 4) (Fig. 54 and B), which indicates that these cells are donor cell-
derived keratinocytes. In addition, sparse and intermittent hCOL17
was detected along the BMZ in two of seven treated mice (Fig. 5C).
RT-PCR analysis surprisingly showed mRNA expression of several
components of the normal human BMZ other than hCOLI17
(detected in six of seven treated mice), including BPAG! (four of
seven), plectin (four of seven), a6 integrin (five of seven), laminin 3
(two of seven), and laminin y2 (one out of seven) (Fig. 5D).

Discussion
Junctional EB is caused by mutations in the genes coding for
structural proteins anchoring the skin to the underlying basal

apparent in the epidermis, although donor-derived XY cells are sparsely
shown. Sporadic fused cells with XXXY chromosomes are observed in the
deep dermis. Dashed circles indicate the border of the nucleus. e: epidermis;
d: dermis. (Scale bars: 10 pm.) (G) The epithelized skin of COL17™ '~ mice has
hypoplastic hemidesmosomes with thin, poorly formed inner/outer plaques
(arrowheads). In BMT-treated COL77™~"~ mice, hemidesmosomes with ma-
ture plaques are seen. (Scale bars: 500 nm.) *P < 0.01.
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Fig. 3. BMT treatments in COL17™~"~ junctional EB model mice change
vulnerability to friction in the skin and induce better clinical conditions. (A)
epithelized areas after erosion formation are investigated by rubber stress
test. In untreated COL17™~"~ mice, mild mechanical stimulus induces large
erosions. Conversely, BMT-treated mice show less severe erosions. *P < 0.05.
(B) The erosion area expressed as a percent of the rubbed area is measured
for each group. Resistance of the skin to mechanical stimuli is significantly
improved in the BMT-treated COL17™~~ mice. (C) Survival curves of BMT-
treated and -untreated COL77™~"~ mice from d 35 after birth (the day of
BMT). COL17™'~ mice treated with BMT from COL17™~"~ mice are shown as
the BMT control mice; 73.7% of BMT-treated COL17™~~ mice could be
expected to live over 200 d after BMT treatment vs. only 27.5% of untreated
COL17™ "~ mice and 16.7% of BMT control mice. (P = 0.015 for BMT-treated
vs. untreated mice, P = 0.021 for BMT-treated vs. BMT control, and P = 0.964
for BMT control vs. untreated.). (D) Clinical manifestations at 90 d after BMT
treatment (125 d after birth). Untreated COL17™~~ mice show moderate
perioral erosions with crusts and anal erosions occurring spontaneously. In
contrast, BMT-treated COL17™~ mice show mild erosions in these areas.

lamina and dermis. Recently, various treatments were reported
to restore the deficient proteins. These approaches fall mainly
into three strategies: gene therapy (20-24), protein therapy (21,
25, 26), and cell therapy. Cell therapies using fibroblasts have
been attempted for recessive dystrophic EB (RDEB) model mice
and human patients, both of which lack collagen VII. In-
tradermal fibroblast cell therapy was reported for RDEB model
mice (18) and RDEB human patients (27). These approaches
may prove to be fundamental treatments for EB. However, their
effects are transient and occur only where the genes, proteins, or
cells are introduced; they may cause rejection and such gene-
correction approaches still raise questions of ethics and safety.
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Fig. 4. HSCs and MSCs each have the potential to produce mCol17 in
transplanted COL77™'~ mice. (A) HSCs and MSCs from GFP* Tg mice were
sorted or cultured. One or the other type of these stem cells with supporting
COL17™ "~ whole BM cells were injected into preirradiated COL17™'~ mice.
(B) Sparse GFP* cytokeratin®* cells, shown by white arrows, are detected in
the epithelized skin of HSC-BMT model mouse (Upper). Also in the MSC-BMT
model, GFP* cytokeratin® cells are observed (Lower). (Scale bars: 10 pm.) (C)
Punctate staining of mCol17 is noted, shown as yellow arrows, in the epi-
thelized skin tissue of both HSC- and MSC-BMT model mice. (Scale bars:
20 pm.) (D) RT-PCR analysis of the epithelized skin area after full-thickness
wounding. Both HSCs (lane 1) and MSCs (lane 2) in the BMT treatment model
express positive mCol17. Also, single i.v. injection of GFP* MSCs (lane 3)
induces weak mCol177 mRNA expression. (E) At 90 d after treatment, the
HSC-BMT model mice (Center) demonstrate better clinical manifestations
than the untreated COL17™~ mice (Left), whereas mice of the MSC-BMT
models (Right) tend to show more severe perianal erosions and hair loss.

Woodley et al. (28) recently reported that i.v. injection of human
fibroblasts induces systemic production of human collagen VII in
immunodeficient mice; however, major ethical and safety prob-
lems remain in human patients.

BMT, an established, widely used medical technique for he-
matologic malignancies, has recently been attempted for severe
hereditary genetic disorders. Hobbs et al. (29) first reported the

Fujita et al.
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Fig. 5. Human hematopoietic stem cell transplantation induces human
epidermal keratinocytes that produce BMZ proteins. (A) The epithelized skin
samples of treated NOG mice include sporadic cytokeratin* (red), HLA-ABC*
(blue) cells in the basal cell layer, which indicate human cord blood-derived
keratinocytes. (Scale bars: 10 pm.) (B) 3D analyses of the immunohisto-
chemical sections prove costaining of keratin (red) and HLA-ABC (green),
indicating that these cells are human cord blood-derived keratinocytes and
not two distinct overlaid cells. Blue lines: cross-section edges. (Scale bar: 10
pm.) (C) Sparse, linear deposition of hCOL17 is noted in the epithelized skin
of CBSCT-treated NOG mice (yellow arrows). Green: hCOL17 (D20); red:
cytokeratin; (Scale bars: 20 ym.) (D) RT-PCR analysis for two transplanted
NOG mice, for both unwounded and epithelized skin (CBSCT 1 and CBSCT 2).
The expression of several BMZ proteins, hCOL17, BPAGT, plectin, a6 integrin,
laminin p3, and laminin y2 mRNA is demonstrated. Unwounded skin shows
faint expression of hCOL17 and a6 integrin.

efficacy of BMT for treatment of Hurler’s syndrome. Later he-
matopoietic stem cell transplantation proved effective in other
mucopolysaccharidoses (30-33). More recently, Sampaolesi et al.
(34) reported on the potential of stem cell therapy for the treat-
ment of Duchene muscular dystrophy. These experiments in-
dicate that stem cell therapies including BMT are promising
candidates for several congenital genetic disorders. BMT tech-
niques have three advantages over previous cell therapies: (i)
systemic and long-lasting effects can be expected from the circu-
lating BM-derived cells, (if) conventional BMT techniques can be
used in clinical applications, and therefore (iii) fewer ethical
problems arise from the treatment.

Recently Tolar et al. (35) reported that hematopoietic stem
cells contributed to life prolongation in RDEB neonatal mice.
Chino et al. (36) reported that treatment of embryonic BMT in
RDEB mice induced the expression of donor-derived fibroblasts
and type VII collagen. These reports investigated neonatal or
embryonic mice and focused on type VII collagen, which is
produced mainly by dermal fibroblasts. In this study we show the
potential of BMT therapies in adult mice with cutaneous con-
genital disorders caused by deficiencies of transmembrane pro-
teins such as COL17, which is produced mainly by keratinocytes.

As to the origin of the BM-derived cells that differentiated into
epidermal cells, Tolar et al. reported that only CD150% CD48~
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HSCs contributed to the amelioration of RDEB mice; neverthe-
less, MSCs abundantly expressed type VII collagen mRNA (35).
Conversely, we and other groups have reported that MSCs also
have the potential to differentiate into keratinocytes (37, 38). Our
experiments have shown that both HSCs and MSCs have the
potential to produce Col17. However, a BMT model with infusion
of enriched MSCs tended to induce more severe clinical mani-
festations. One hypothesis is that the infused MSCs in BMT reside
so shortly that long-term effects, such as clinical improvement,
might not occur (39, 40). We demonstrated that human cord
blood CD34* HSCs are able to differentiate into keratinocytes in
vivo. Although further investigation is needed, we suggest that the
difference between the benefits of MSC and HSC transplantations
owes to the lack of a long-term, renewable circulating source of
Coll7g;roducing cells induced by donor hematopoiesis. From
these findings we conclude that both HSCs and MSCs contributed
to the production of Col17, although HSCs played more a signifi-
cant role in clinical improvement in our EB model mice.

Recently Kopp et al. (41) performed BMT and subsequent
skin transplantation in one Herlitz-junctional EB infant but un-
fortunately the child died. They performed normal conditioning
treatments similar to those used in hematological malignancies,
but the treatments might be too strong for EB patients. Indeed,
in our EB model mice, we had to reduce the irradiation dose
before BMT to avoid erosions. This report is highly suggestive
toward determining conditioning regimens.

In conclusion, we confirmed the reexpression of the previously
deficient anchoring protein Col17, better clinical appearance, and
longer life expectancy after BMT in our junctional EB model
mice. Furthermore we demonstrated that human HSCs can con-
tribute to the regeneration of wounded skin, producing structural
proteins in the BMZ. Current conventional hematopoietic stem
cell transplantation will lead to treatments for severe forms of EB
or even other congenital skin disorders involving epidermal
structural proteins.

Materials and Methods

Bone Marrow Transplantation. Recipient adult mice were irradiated with
a lethal dose of X-rays at 9 Gy (C57BU/6 and COL17™~'~"* mice) or 6 Gy (in
COL17™~"~ mice), 12 h before infusions. The 9-Gy irradiation resulted in se-
vere erosions and hair loss within 4 wk after BMT to COL17™~ mice. Ap-
proximately 3.0-6.0 x 10°® murine BM-derived cells in 400 pL PBS were
injected through the mouse tail vein.

Human Cord Blood Stem Cell Transplantation. Recipient adult NOG mice were
irradiated with a sublethal dose of X-rays at 2.5 Gy. Twelve hours later,
approximately 1.0-2.5 x 10° human CD34* cells in 400 L PBS were injected
through the mouse tail vein. Hematopoietic reconstitution was evaluated in
peripheral blood mononuclear cells 12 wk after transplantation.

Hematopoietic and Mesenchymal Cell Transplantations. Recipient adult COL77™~
mice were irradiated with a lethal dose of X-rays at 6 Gy. Twelve hours later,
approximately 5.0 x 10> GFP* HSCs (n = 5) or 5.0 x 10° GFP* MSCs (n = 4) were
mixed with 5.0 x 10° whole COL77™" BM-derived cells in 400 pL PBS and
injected through the mouse tail vein.

RT-PCR Analyses. For RT-PCR, total RNA from tissues and cells was extracted
using Isogen (Nippon Gene) and 200 ng of total RNA was used for cDNA
synthesis in SuperScript Il reverse transcriptase according to the manu-
facturer’s instructions (Invitrogen). RT-PCR analysis of mRNA was performed
in a thermocycler (GeneAmp PCR system 9600; Perkin-Elmer). The primers
specific for protein sequences are summarized in Table S1. The PCR protocol
for these genes included 35 cycles of amplification (denaturing at 94 °C for
1 min, annealing for 1 min, elongation at 72 °C for 1 min). Aliquots from
each amplification reaction were analyzed by electrophoresis in 2% acryl-
amide-Tris-borate gels. Gel images were acquired and processed by an im-
age analyzer (LAS-4000UVmini; Fujifilm).

Western Blotting. Protein lysates from epidermal tissues were subjected to
SDS/PAGE and electrophoretically transferred onto a nitrocellulose mem-
brane. The membranes were blocked with 1% nonfat dry milk in PBS, probed
with rat monoclonal antibodies against mCol17 (KT4.2, 1:80,000), and then
allowed to react with goat anti-rat IgG antibody coupled with HRP (1:1,000;
Southern Biotech). For loading control, we used mouse anti-p-actin antibody
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(1:1,000; Sigma-Aldrich) and HRP-conjugated goat anti-mouse IgG (1:1,000;
Southern Biotech). The resultant immune complexes were visualized using
a chemiluminescent detection system (LumiGLO; Cell Signaling Technology)
and processed by an image analyzer (LAS-4000UVmini).

Ultrastructural Observations. Skin biopsy samples of two mice each from GFP*
Tg mice, untreated COL17™"~ mice, and BMT-treated COL77™~" mice were
fixed in 5% glutaraldehyde solution, postfixed in 1% osmium tetroxide,
dehydrated, and embedded in Epon 812. The samples were sectioned at
1-pm thickness for light microscopy and thin-sectioned at 70-nm thickness
for electron microscopy. The thin sections were stained with uranyl acetate
and lead citrate and examined under a transmission electron microscope
(H-7100; Hitachi High-Technologies).

Clinical Evaluation of COL17™~/~ Mice. After bone marrow transplantation, the
clinical severity of the BMT-treated COL17™" mice, such as spontaneous
erosions and blistering, was evaluated and compared with that of the un-
treated COL17™~'~ mice and BMT-control mice whose donors were COL17™"~
mice. The perioral area and circumanal area tend to be naturally predisposed
to erosion. We investigated the clinical severity by measuring the share of each
affected area as a percent of its entire region. These were assessed by two
independent assessors viewing the same clinical images. In addition we com-
pared the vital prognosis after BMT (35 d after birth) among BMT-treated mice
(n = 20), untreated COL77™~ mice (n = 17), and BMT-control mice (n = 6).

Mechanical Rubber Stress Test. The epithelized dorsal skin areas of 1 cm? after
erosion were marked with a pen and exposed to a mechanical rubber stress
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Background: Psoriasis is a common chronic inflammatory skin disorder with a high prevalence (3-5%) in
the Caucasian population. Although the number of capillary vessels increases in psoriatic lesions, there
have been few reports that have specifically examined the role of angiogenesis in psoriasis. Angiogenic
factors, such as vascular endothelial growth factor (VEGF), may dominate the activity of anti-angiogenic
factors and accelerate angiogenesis in psoriatic skin.
Objective: We investigated to identify small peptide mimetics of PEDF that might show anti-angiogenic
potential for the topical treatment for psoriasis.
Methods: We examined the expression of PEDF in skin by immunohistochemical staining, immuno-
blotting, and RT-PCR. To identify potential PEDF peptides, we screened peptides derived from the
proteolytic fragmentation of PEDF for their anti-proliferative action. Anti-psoriatic functions of these
peptides were analyzed using a mouse graft model of psoriasis.
Results: The specific low-molecular weight peptides (MW < 850 Da) penetrated the skin and showed
significant anti-angiogenic activity in vitro. Topical application of these peptides in a severe combined
immunodeficient mouse model of psoriatic disease led to reduced angiogenesis and epidermal thickness.
Conclusions: These data suggest that low-molecular PEDF peptides with anti-angiogenic activity may be
a novel therapeutic strategy for psoriasis.

© 2009 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.
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inflammatory changes [2]. In addition, epidermal proliferation is
influenced by inappropriate vascular expansion in the superficial
dermis [3]. Furthermore, these microvascular changes in psoriatic
skin lesions include pronounced capillary dilatation, increased
vessel permeability and endothelial cell proliferation and protru-
sion into the dermal papillae capillaries. Therefore inappropriate
angiogenic growth has been proposed to contribute to the
pathogenesis of psoriasis [4,5]. The overexpression of angiogenic
factors also occurs; for instance, vascular endothelial growth factor
(VEGF) is strongly up-regulated in psoriatic skin lesions [6].
There have been a number of therapeutic strategies devised for
psoriasis. Topical steroids, topical vitamin D3 analogs, oral retinoids,
UV irradiation such as PUVA and narrow-band UVB, cyclosporine
and other immunosuppressants have been widely used. In addition,
biological agents that target cytokines such as TNF-a have recently
been developed [7]. Most strategies are aimed at reducing the

1. Introduction

Psoriasis is a common skin disease affecting 0.5-3% of the
Caucasian population [1]. Histopathologically, this disorder is
characterized by accelerated epidermal proliferation, by the
infiltration of inflammatory cells into the epidermis and upper
dermis, and by telangiectasia in the superficial dermis. Although
the molecular pathogenesis of psoriasis remains unclear, several
hypotheses have been proposed. Activated T lymphocytes infiltrate
into the lesional skin areas where they secrete a variety of
cytokines such as tumor necrosis factor (TNF)-a, interferon-y, IL-2
and IL-12, and thus play an important role in psoriatic

Abbreviations: PEDF, pigmented epithelium-derived factor; VEGF, vascular endo-
thelial growth factor.
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inflammatory reaction and epidermal proliferation, but yet there
have been few agents targeting angiogenesis in psoriasis.

Pigment epithelium-derived factor (PEDF) is a glycoprotein that
belongs to the superfamily of serine protease inhibitors, and it was
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