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FIG. 2. Cross-sectional view of scanning electron microphotograph of a spongy matrix composed of HA and Col.

in the dish in a programmable freezer at a gradient
of ~1°C/min from 4°C to —60°C and then cryopre-
served in a freezer at -152°C. The cryopreserved
CDS (in the polystyrene dish) was placed in a foam
polystyrene box containing dry ice and then shipped
to hospitals, where it was preserved at —85°C. Prior
to clinical application, the CDS (in the polystyrene
dish) was placed in a foam polystyrene box at room
temperature for 30 min and then floated in a water
bath at 37°C, followed by rinsing with lactated
Ringer’s solution to remove DMSO and FBS.

QUANTITATIVE ANALYSIS OF CYTOKINES

It is well known that fibroblasts have a potency to
release some types of cytokines, but the amount of
cytokine is dependent on the culturing conditions.
We measured the amounts of the eight cytokines
VEGTF, bFGF, HGF, PDGF-AA, TGF-1, KGF, IL-
6 and IL-8 (31). The culture medium used in prepar-
ing CDS (fresh CDS culture medium sample) was
collected and stored at —30°C. After the cryopre-

served CDS was thawed, it was recultured in a cul-
ture medium for one week. The culture medium used
in reculturing cryopreserved CDS (cryopreserved
CDS culture medium sample) was collected and
stored at —30°C. The amount of cytokines in these
culture medium samples was measured by enzyme-
linked immunosorbent assay {(ELISA).

Figure 4 shows the amount of each cytokine in the
medium before freezing (fresh CDS culture medium
sample), and after thawing and reculturing for one
week (cryopreserved CDS culture medium sample}.
The amounts of VEGF and bFGF in the cryopre-
served CDS culture medium were the same as those
of the fresh CDS culture medium (Fig. 4A,B). The
amounts of HGF, TGF-$1 and IL-8 in the cryopre-
served CDS culture medium were slightly lower
than those of the fresh CDS culture medium
(Fig. 4C.E H). The amounts of PDGF-AA, KGF and
IL-6 in the cryopreserved CDS culture medium were
considerably lower than those of the fresh CDS cul-
ture medium (Fig. 4D,EG). The results shown in
Fig. 4 demonstrate that the cryopreserved CDS can
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FIG. 3. Allogeneic CDS composed of fibroblasts combined with a two-layered spongy matrix of HA and Col.

release VEGF, bFGF, HGF, TGF-1 and IL-8 at
appreciable levels. The number of fibroblasts in cry-
opreserved CDS increased when recultured for one
week after thawing, reaching about 150% of the
number of fibroblasts in fresh CDS. These findings
indicate that the surviving fibroblasts can prolifer-
ate markedly and release considerable amounts of
several types of cytokines.

FUNCTION OF CYTOKINES IN
WOUND HEALING

Wound healing is a complex process involving the
intricate interplay among a variety of cells, fibrous
proteins, proteinases, cytokines (such as endogenous
chemoattractants), growth factors and angiogenic
factors. The normal acute wound healing process is a
- coordinated and predictable series of cellular and

biochemical events. PDGF, TGF-a, TGF-B, IL-1, IL-
6, IL-8, bFGF and EGF are present in acute wound
fluid (32,33). Orderly and efficient progression of
events through the wound healing process is regu-
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lated by these cytokines in wound fluid. However,
chronic wounds, including diabetic ulcers, pressure
ulcers and venous ulcers, fail to proceed through an
orderly and timely healing process because certain
pathophysiologic conditions and metabolic factors
involved in these ulcers can alter cellular function
and reduce ability to prevent infection. These
wounds may ultimately result from a deficiency of
cytokines or an inhibition of their function. Such a
deficiency may be partly the result of elevated levels
of proteinases that degrade growth factors and ECM
components at the wound site (34-38). Fibroblasts
isolated from chronic ulcers have little ability to pro-
liferate, and chronic wound fluids inhibit normal
fibroblast proliferation (39,40). Such decreased pro-
liferation may be partially responsible for the delay
in healing of chronic ulcers. In such cases, prolifera-
tion can be ‘stimulated by cytokines such as bFGF,
EGF and IL-1f (41). Thus, it may be possible to
induce a healing response in chronic wounds by
adding exogenous growth factors or by inhibiting
proteinase activity at the wound site. A variety of
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®) FIG. 4. Amount of cytokines released from

fresh CDS over a cultivation period of
one week. n=>5, means £ SD; *P<0.05,
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(b)

(A) 80 (B) 3
2 @ I ot g ¢ [
B a0 ‘ 5 4
£ 2 )
0 SR 0
(@ (b) (a)
#
©) 60 m 13 li
-~ ?ﬂ
Bl 45 I % 0.9
& 30 < 06
T By
=~ T 8 0.3 ’__L‘
0 B & 00
(a) () @)
(E) # ¥
400 60
g" 300 I gn 45 I
& 200 B 30 ¢
ey
v L
£ 100 o 15
0 R 0
(a) ) (a)
#
(H)
© 4 800
g 3 I 2 600
v 2 ;,; 400 {
= =

W
2

]
-

(a) (b) ()

cytokines, including PDGF (42-44), bFGF (43-45),
EGF (46), VEGF (47), HGF (48) and TGF-B (49),
have been applied to chronic ulcers in animal or clin-
ical studies. However, results of the local application
of these cytokines are unclear because the biology of
wound healing is much more complex than predicted
from in vitro activities. Fibroblasts have several roles
in wound healing. They can produce ECM compo-
nents such as collagen, and are an important source
of several cytokines, including growth factors and
angiogenic factors.

‘Various endogenous cells migrate into wound sites
in response to cytokines. PDGF (50,51), bFGF
(50,51), TGF-P (50-52) and KGF (53) are considered

'(5) :

to be growth and chemoattractive factors for fibro-
blasts. Fibroblasts play a pivotal role in granulation
tissue formation due to their ability to release various
cytokines and ECM components. PDGF is a fibro-
blast-specific mitogen, and has no effect on the
growth of keratinocytes or endothelial cells because
they lack its receptor, which is different from that of
bFGF. PDGF and TGF-B stimulate fibroblasts in an
autocrine manner to amplify their proliferation and
ECM synthesis. TGF-B plays an important role in
the formation of granulation tissue. It promotes the
deposition of ECM components such as collagen,
fibronectin, hyaluronic acid and protease inhibitor.
VEGF (54,55), bFGF (53,55), HGF (55,56) and IL-8
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(57,58} are considered to be growth and chemoat-
tractive factors of endothelial cells.

Re-epithelialization of wounds begins within hours
after injury, and involves the movement of kerati-
nocytes from the free edge of the tissue across the
defect (59). The activation of keratinocytes requires
loss of contact with the basement membrane, and
depends on the exposure of these cells to cytokines
in the wound site (60). EGF (61), TGF-o (62), IL-6
(63,64), KGF (53), bFGF (45) and TGF-B (65) are
involved in this phase. TGF-P inhibits keratinocyte
proliferation in vitro. However, in vivo, TGF-p alters
the expression of integrin, so that keratinocytes
migrate into the wound site and synthesize their own
matrix.

FUNCTION OF ALLOGENEIC CDS IN
WOUND HEALING

Autologous CES composed of stratified kerati-
nocytes can take permanently on a skin defect and
form epidermis on the resulting neodermis. In con-
trast, allogeneic CDS composed of fibroblasts and
scaffold materials fails to take permanently on skin
defects. However, cells in CDS can produce a variety
of biologically active substances, including cell
growth factor and extracellular matrix, which are
necessary for wound healing. The efficacy of alloge-
neic CDS is dependent on both cell functions and the
scaffold materials. It is very important to use materi-
als that promote wound healing.

A biodegradable synthetic polymer mesh, Vicryl,
has been used as a matrix for Dermagraft. However,
this matrix was not designed to facilitate granulation
tissue formation. In addition, a commercially avail-
able wound dressing, Biobrane, composed of a sili-
cone film combined with a nylon mesh has been used
as a matrix for Trans Cyte. This wound dressing
adheres firmly to the debrided wound surface, but
was not designed to facilitate granulation tissue
formation.

To develop more efficacious allogeneic CDS for
the treatment of severe wounds such as full-thickness
skin defects, we designed a two-layered spongy
matrix composed of an HA spongy layer and a Col
spongy layer. In a preliminary animal test (21), this
two-layered spongy matrix exhibited stronger pro-
motion of wound healing than a collagen spongy
matrix. This two-layered spongy matrix is designed
so that HA molecules are cross-linked by a cross-
linking agent, and so that Col molecules are cross-
linked by UV radiation. This matrix maintains its
spongy structure during the manufacture of CDS,
cryopreservation, thawing and rinsing. When this
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CDS is applied to a wound surface in a clinical set-
ting, the spongy structure degrades within about one
week. Both HA and Col seem to function biologi-
cally in the process of wound healing. The molecular
design of this CDS was derived from the results of a
series of animal tests. Spongy matrix designed to
degrade on the wound surface within about one week
was found to be more effective than spongy matrix
that failed to degrade within about one week due to
strong cross-linkage. The preliminary animal study
suggests that free HA and Col play a pivotal role in
wound healing. The spongy matrix of the CDS is not
just scaffolding for cultivating fibroblasts, but is made
of materials that promote healing.

The cryopreserved CDS is able to release a variety
of cytokines. The amounts of VEGF and bFGF
released by cryopreserved CDS after it was recul-
tured for a week after thawing were the same as
those of fresh CDS. This finding appears to be related
to clinical results showing that CDS induces the
formation of an excellent wound bed with highly
vascularized granulation tissue (29,30).

The amount of cytokines released from CDS tends
to be decreased by freezing and thawing. However,
clinical application of fresh allogeneic CDS has dis-
advantages due to practical problems in mass pro-
duction, preservation and transportation. Therefore,
cryopreserved allogeneic CDS is more useful for
clinical applications.

CLINICAL STUDY

The clinical evaluation of allogeneic CDS was con-
ducted in compliance with the study protocol of this
Millennium Project and the ethical guidelines of each
University Hospital. In a general procedure, the
wounds were debrided and resulted in full-thickness
skin defects, and were then rinsed with saline solu-
tion. The allogeneic CDS that had been rinsed with
lactated Ringer’s solution after thawing was placed
cell-seeded side down on the full-thickness skin
defects, and a conventional cintment-gauze dressing
was used to protect the CDS. The CDS was applied
repeatedly at intervals of three to five days.

Surgical closure with auto-skin grafting is the gold
standard for treatment of victims with extensive deep
dermal burns (DDB) or deep burns (DB). However,
if the donor site is limited, an alternative treatment
may be required. Although autologous CES can
serve as an alternative material, its use raises practi-
cal problems, including the long preparation process
{more than three weeks), the need to prepare the
wound bed for CES, and the reduced growth of kera-
tinocytes derived from geriatric burn patients. The
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FIG. 5. Functions of allogeneic CDS composed of fibroblasts
combined with a two-layered spongy matrix of HA and Col.

most practical treatment is mesh auto-skin grafting,
Generally, a 1.5-fold or threefcld extended mesh
auto-skin graft is used because it usually results in
successful epithelization. When sixfold extended
mesh auto-skin graft has been applied to a wound
surface in poor condition, the mesh skin graft has

failed to take. With highly extended skin grafting
there is a risk of poor epithelization. To overcome
this problem, excellent biological dressing is
required. In order to establish a new cell therapy, we
evaluated allogeneic CDS as coverage for a sixfold
extended mesh auto-skin graft.

Clinical evaluation of the cryopreserved allogeneic
CDS has been performed. A total of 255 clinical cases
with various wounds were evaluated; 63% (163/255)
achieved excellent results and 30% (77/255) achieved
good results. These results suggest that this allogeneic
CDS is effective in promoting healing of partial- and
full-thickness skin defects.

In conclusion, the cryopreserved CDS can release
various cytokines that regulate complex wound heal-
ing. Various cytokines released from CDS may play
a pivotal role in the balance between stimulatory and
inhibitory effects during wound healing, Successful
healing in severe skin defects, such as chronic ulcers,
is considered to be dependent on the control of cell
function by these cytokines. As well as the cytokines
released from the allogeneic CDS, the spongy matrix

FIG. 6. An 81-year-old female suffered DDB and DB on the right lower leg (A). Sixfold extended mesh auto-skin fragments were applied
to the debrided wound in sizes of 18 x 9 cm (B}, and followed by the application of allogeneic CDS (C), on which a conventional ointment-
gauze dressing and a dry gauze dressing wers applied to protect the CDS. The mesh skin took successfully and the areas between
strips of mesh skin were epithelized on day eighteen after grafting (D).
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composed of HA and Col is beneficial for the treat-
ment of intractable skin defects (Fig. 5).

REPRESENTATIVE CLINICAL CASE

An 8l-year-old female was injured when her
clothes caught fire while she was burning dry grass as
part of farm work. The injury was located in the
lumbar-gluteal region over the bilateral lower limbs,
and a mixture of DDB and DB accounted for 36%
of the injured region. On day six, when her general
condition had improved, debridement of both lower
legs was performed up to the fat layer, and sixfold
extended mesh auto-skin fragments were grafted
onto the right lower leg, followed by the application
of allogeneic CDS (Fig. 6A-C). Take and epitheliza-
tion of the grafts were in good condition on day
eighteen after grafting on the right lower leg

(Fig. 6D) (66).

Acknowledgment: The present study was con-

ducted by the support of the Regenerating Medical
Millennium Project of the Ministry of Health, Labor
and Welfare of Japan.

REFERENCES

1. Rheinwald JG, Green H. Serial cultivation of strains of human
epidermal keratinocytes: The formation of keratinizing colo-
nies from single cells. Cell 1975;6:331-43.

2. Green H, Kehinde O, Thomas J. Growth of cultured human
epidermal cells into multiple epithelia suitable for grafting.
Proc Natl Acad Sci USA 1979,76:5665-8.

3. O’Connor NE, Muliken JG, Banks-Schlegel S, Kehinde O,
Green H. Grafting of burns with cultured epithelium prepared
from autologous epidermal cells. Lancet 1981;1:75-8.

4, Gallico G, O’Connor NE, Compton CC, Kehinde O, Green
H. Permanent coverage of large burn wounds with autologous
cultured human epithelium. N Engl J Med 1984;311:448~51.

5. Compton CC, Gill IM, Bradford DA, Regauer §, Gallico GG,
O’Connor NE. Skin regenerated from cultured epithelial
autografts on full-thickness burn wounds from 6 days to 5
years after grafting. Lab Invest 1989;60:600-12.

6. Cooper ML, Hansbrough JF, Spietvogel RL, Cohen R, Bartel
RL, Naughton G. In vivo optimization of a living dermal sub-
stitute employing cultured human fibroblasts on a biodegrad-
able polyglycolic acid or polyglactin mesh, Biomaterials 1991;
12:243-8. )

7. Hansbrough JF, Christine D, Hansbrough WB. Clinical trials
of a living dermal tissue replacement placed beneath meshed,
split-thickness skin grafts on excised burn wounds. J Burn
Care Rehabil 1992;13:519-29.

8. Hansbrough JF, Cooper ML, Cohen R, Spielvogel R, Green-
leaf G, Bartel RL, Naughton G. Evaluation of a biodegradable
matrix containing cultured human fibroblasts as a dermal
replacement beneath meshed skin grafts on athymic mice.
Surgery 1992;111:438-46.

9. Gentzkow GD, Iwasaki SD, Hershon K8, et al. Use of derma-
graft, a cultured human dermis, to treat diabetic foot ulcers.
Diabetes Care 1996;19:350-4.

10. Hansbrough JF, Mozingo DW, Kealey GP, Davis M, Gidner
A, Gentzkow GD. Clinical trials of a biosynthetic temporary
skin replacement, Dermagraft-Transitional Covering, com-

Artif Organs, Vol. 28, No. 1, 2004

11.

12,

13.

14,

15.

16.

17.

18.

19.

20,

21.

22,

23,

24,

25.

26.

27.

28.

29,

30,

pared with cryopreserved human cadaver skin for temporary
coverage of excised burn wounds. J Burn Care Rehabil
1997,18:43-51.

Hansbrough JF, Morgan I, Greenleaf G. Development of a
temporary living skin replacement composed of human neo-
natal fibroblasts cultured in Biobrane, a synthetic dressing
material. Surgery 1994;115:633-44,

Bell E, Ivarsson B, Merrill C. Production of a tissue-like struc-
ture by contraction of collagen lattices by human fibroblasts
of different proliferative potential in vitro. Proc Natl Acad Sci
USA 1979;211:1274-48,

Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T. Living tissue
formed in vitro and accepted as skin-equivalent tissue of full
thickness. Science 1981;211:1052-4.

Bell E, Ehrlich HP, Sher 8, et al. Development and use of a
living skin equivalent. Plast Reconstr Surg 1981;67:386-92.
Bell E, Sher S, Hull B, et al. The reconstitution of living skin.
J Invest Dermatol 1983;81:52-10.

Naughton G. The Advanced Tissue Sciences story. Sci Am
1999;280:84-5.

Yamada N, Shioya N, Kuroyanagi Y. Evaluation of an alloge-
neic cultured dermal substitute composed of fibroblasts within
a spongy collagen matrix as a wound dressing. Scand J Piast
Reconstr Surg 1995;29:211-19.

Tanaka M, Nakakita N, Kuroyanagi Y. Allogeneic cultured
dermal substitute composed of spongy collagen containing
fibroblasts: Evaluation in animal test. J Biomater Sci Polymer
Edn 1999;10:433-53.

Yamada N, Uchinuma N, Kuroyanagi Y. Clinical evaluation
of an allogeneic cultured dermal substitute composed of fibro-
blasts within a spongy collagen matrix. Scand J Plast Reconstr
Surg 1999;33:147-54.

Kuroyanagi Y, Yamada N, Yamashita R, Uchinuma E. Tissue-
engineered product: allogencic cultured dermal substitute
composed of spongy collagen with fibroblasts. Arfif Organs
2001;25:180-6.

Kubo K, Kuroyanagi Y. Development of cultured dermal sub-
stitute composed of spongy matrix of hyaluronic acid and
atelo-collagen combined with fibroblasts: Fundamental evalu-
ation. J Artif Organs 2003;6:64-70.

Kubo K, Kuroyanagi Y. Characterization of cultured dermal
substitute composed of spongy matrix of hyalurenic acid and
collagen combined with fibroblasts. J Artif Organs 2003;6:138—
44,

Kubo K, Kuroyanagi Y. Development of cultured dermal sub-
stitute composed of spongy matrix of hyaluronic acid and
atelo-collagen combined with fibroblasts; Fundamental evalu-
ation, J Biomater Sci Polymer Edn 2003;14:625-41.

Kubo K, Kuroyanagi Y. Development of cultured dermal sub-
stitute composed of spongy matrix of hyaluronic acid and
atelo-collagen combined with fibroblasts; Cryopreservation.
Artif Organs 2004;28 (in press).

Kubo K, Kuroyanagi Y. Effects of VEGF released from cul-
tured dermal substitute on proliferation of vascular endothe-
lial cells in vitro. J Artif Organs (in press).

Benedetti L, Cortivo R, Berti T, et al. Biocompatibility and
biodegradation of different hyaluronan derivatives (Hyaff)
implanted in rats. Biomaterials 1993;14:1154-60.
Postlethwaite AE, Seyer JM, Kang AH. Chemotactic attrac-
tion of human fibroblasts to type I, IL, and III collagens and
collagen-derived peptides. Proc Natl Acad Sci USA 1978;75:
871-5.

Kuroyanagi Y, Kubo K, Matsui H, Kagawa S, Mori S, Kim
H-J, Mabuchi Y. Manufacturing and banking system for
allogeneic cultured dermal substitute. Jpn J Burn Injuries
2003;29:28-38.

Oka H, Fujitsu M, Suenobu K, et al. Clinical trials with allo-
geneic cultured dermal substitute (CDS) for the treatment of
burns and skin ulcers. Jpn J Burn Injuries 2002;28:333-42.
Harima N, Ansai S5, Wako M, et al. Clinical trials using
allogeneic cultured dermal substitutes for skin uleers. Jpn J -
Dermatol 2003;113:253-64.



31.

3.

33.

34.

35.

36.

7.

38.

39.

40.

41.

42.

43.

45,

46.

47.

BANKING SYSTEM FOR CULTURED DERMAL SUBSTITUTE 21

Kubo K, Kuroyanagi Y. A study of cytokines released from
fibroblasts in cultured dermal substitute (CDS). Tissue Eng
(in submission).

Ono 1, Gunji H, Suda K, Iwatsuki K, Kancko F. Evaluation
of cytokines in donor site wound fluids. Scarnd J Plast Reconstr
Surg Hand Surg 1994;28:269-73.

Ono I, Gunji H, Suda K, Zhang JZ, Maruyama K, Kaneko F.
A study of cytokines in burn blister fluid related to wound
healing. Burns 1995;21:352-5,

Falanga V, Grinnel F, Gilchrest B, Maddox YT, Moshell A.
Experimental approaches to chronic wounds. Wound Rep Reg
1995;3:132-40.

Yager DR, Zhang LY, Liang HX, Diegelmann RF, Cohen IK.
Wound fluids from human pressure ulcers contain elevated
matrix metalloproteinase levels and activity compared to sur-
gical wound fluids. J Invest Dermatol 1996;107:743-8.

Yager DR, Chen SM, Ward SI, Olutoye OO, Diegelmann RF,
Cohen IK. Ability of chronic wound fluids to degrade peptide
growth factors is associated with increased levels of elastase
activity and diminished levels of proteinase inhibitors. Wound
Rep Reg 1997,5:23-32.

Weckroch M, Vaheri A, Lauharanta I, Sorsa T, Konttinen YT.
Matrix metalloproteinases, gelatinase, and collagenase in
chronic leg ulcers. J Invest Dermatol 1996;109:1119-24.
Wysocki AB, Staiano-Coico L, Grinnel F. Wound fluid
from chronic leg ulcers contains elevated levels of metallo-
proteinase MMP-2 and MMP-9. J Invest Dermarol 1993;101:
64-8.

Hehenger K, Heliborn J, Brismar K, Hansson A. Inhibited
proliferation of fibroblasts derived from chronic diabetic
wounds and normal dermal fibroblasts treated with high
glucose is associated with increased formation of 1-lactate.
Wound Rep Reg 1998,6:135-41.

Hehenger K, Kratz GK, Hansson A, Brismar K. Fibroblasts
derived from human chronic diabetic wounds have a
decreased proliferation rate, which is recovered by the addi-
tion of heparin. J Dermatol Sci 1998;16:144-51.

Stanley AC, Park HY, Phillips TJ, Russakovsky V, Menzoian
JO. Reduced growth of dermal fibroblasts from chronic
venous ulcers can be stimulated with growth factors. J Vasc
Surg 1997;26:994-1001.

LeGrand EX. Preclinical promise of Becaplermin (rhPDGF-
BB) in wound healing. Am J Surg 1998;176:48-54.

Mustoe TA, Pierce GF, Morishima C, Deuel TF. Growth
factor-induced acceleration of tissue repair through direct
and inductive activities in a rabbit dermal ulcer model. J Clin
Invest 1991;87:694-703.

. Greenhalgh DG, Sprugel KH, Murray MJ, Ross R. PDGF and

FGF stimulate wound healing in the genetically diabetic
mouse. Am J Patho! 1990;136:1235-46.

Robson MC, Phillips LG, Lawrence WT, et al. The safety and
effect of topically applied recombinant basic fibroblast growth
factor on healing of chromic pressure sores. Ann Surg
1992;216:401-8.

Falanga V, Eaglstein WH, Bucalo B, Kartz MH, Hatris B,
Carson P. Topical use of human recombinant epidermal
growth factor (h-EGF) in venous ulcers. J Dermatol Surg
Oncol 1992;18:604-6.

Corral CJ, Siddiqui A, Wu L, Farrell CL, Lyons D, Mustoe
TA. Vascular endothelial growth factor is more important than
basic fibroblastic growth factor during ischemic wound heal-
ing. Arch Surg 1999;134:200-5.

48,

49.

50.
51.
52.

33.

54,

55.

56.

57
58.

59.

60.
61.

62.

63.

65.

66.

Nayeri F, Stromberg T, Larsson M, Brudin L, Soderstrom C,
Forsberg P. Hepatocyte growth factor may accelerate healing
in chronic leg ulcers: pilot study. J Dermatol Treat 2002,13:81—-
6.

Robson MC, Phillips LG, Cooper DM, Lyle WG. The safety
and effect of transforming growth factor B for the treatment
of venous stasis ulcers, Wound Rep Reg 1993;3:157-67.

Dijke P, Iwata KK. Growth factors for wound healing. Bio-
technology 1989;7:793-8,

Moulin V. Growth factor in skin wound healing. Eur J Cell
Biol 1995;68:1-7.

Postlethwaite AE, Oja JK, Moses HL, Kang AH. Stimulation
of chemotactic migration of human fibroblast by TGF-§.J Exp
Med 1987;165:251-6.

Tsuboi R, Sato C, Kurita Y, Ron D, Rubin JS, Ogawa H. KGF
(FGF-7) stimulates migration and plasminogen activator
activity of normal human keratinocytes. J Invest Dermatol
1993;101:49-53.

Nissen NN, Polverini PJ, Koch AE, Volin MV, Gamelli RL,
DiPietro LA. Vascular endothelial growth factor mediates
angiogenic activity during the proliferative phase of wound
healing. Am J Pathol 1998;152:1445-52.

Kumar R, Yoneda J, Fidler II. Regulation of distinct steps of
angiogenesis by different angiogenic molecules. Int J Oncol
1998;12:74%-57.

Toyoda M, Takayama H, Horiguchi N, et al. Overexpression
of hepatocyte growth factor/scatter factor promotes vascular-
ization and granulation tissue formation in vivo. FEBS Lett
2001;509:95-100.

Gillitzer R, Goebeler M. Chemokines in cutaneous wound
healing. J Leukoc Biol 2001,69:513-21.

Li A, Dubey S, Varney ML, Dave BJ, Singh RK. IL-8 directly
enhanced endothelial cell survival, proliferation, and matrix
metalloproteinases production and regulated angiogenesis.
J Immunol 2003;170:3369-76.

Clark RAF. Overview and general consideration of wound
repair. In: Clark RAF, Henson PM, eds. The Molecular and
Cellular Biology of Wound Repair. New York: Plenum Press,
1988;3-33,

Grinnel F. Wound repair, keratinocyte activation and integrin
modulation. J Cell Sci 1992;101:1-5.

Brown GL, Nanney LB, Griffen J, et al. Enhancement of
wound healing by topical treatment with epidermal growth
factor. N Engl J Med 1989;321:76-9.

Coffey RJ, Sipes NJ, Bascom CC, GravesDeal R, Pennington
CY, Weissman BE, Moses HL. Growth modulation of mouse
keratinocytes by transforming growth factor. Cancer Res
1988;48:1596-604.

Nishida T, Nakamura M, Mishima H, Otori T. Interleukin
6 promote epithelial migration by a fibronectin-dependent
mechanism. J Cell Physiol 1992;153:1-5.

. Paquet P, Pierard GE. Interleukin-6 and the skin. Int Arch

Allergy Immunol 1996;109:308-17.

Gailit J, Welch MP, Clark RAF. TGFp1 stimulates expression
of keratinocyte integrins during re-epithelialization of cutane- -
ous wounds. J Invest Dermatol 1994;103:221-7.

Kashiwa N, Ito O, Ueda T, Kubo K, Matsui H, Kuroyanagi Y.
Treatment of full-thickness skin defect with concomitant graft-
ing of 6-fold extended mesh auto-skin and allogeneic cultured
substitute. Artif Organs (in submission).

Artif Organs, Vol. 28, No, 1, 2004



Artificial Organs
28(5):444—-450, Blackwell Publishing, Inc.
© 2004 Internaticnal Center for Artificial Organs and Transplantation

Treatment of Full-thickness Skin Defect with Concomitant
Grafting of 6-fold Extended Mesh Auto-skin and Allogeneic
Cultured Dermal Substitute

*Naohiro Kashiwa, *Osamu Ito, *Takeshige Ueda, tKentaro Kubo, tHiromichi Matsui,
and fYoshimitsu Kuroyanagi

*Department of Plastic and Reconstructive Surgery, Kagawa Prefectural Central Hospital, Takamatsu, Kagawa; and fR&D
Center for Artificial Skin, School of Allied Health Sciences, Kitasato University, Sagamihara, Kanagawa, Japan

Abstract: The aim of this clinical study was to evaluate an
allogeneic cultured dermal substitute (CDS) as a biologi-
cal dressing for highly extended mesh auto-skin grafting.
The subjects were five patients with extensive deep burn
wounds. Allogeneic CDS was prepared by seeding fibro-
blasts on a spongy matrix of hyaluronic acid and atelo-
collagen. Six-fold extended auto-skin graft was applied
to the debrided wound, on which allogeneic CDS was
placed. A conventional ointment-gauze dressing was used
to protect the CDS. The CDS was applied repeatedly at

intervals of 5-7 days. In all cases, the wounds were closed
by successful take of mesh auto-skin graft and prompt epi-
thelization from the grafted skin, The skin on the grafted
area had a cicatrix appearance, but was soft and thin,
maintaining good quality. The application of 6-fold
extended auto-skin graft in conjunction with allogeneic
CDS is an effective method for treatment of extensive
severe burn wounds. Key Words: Cultured dermal sub-
stitute—Fibroblasts—Hyaluronic acid—Collagen—Mesh
skin grafting,

A typical engineered product is autologous cul-
tured epidermal substitute (CES), which is composed
of stratified keratinocytes (1-4). There are two types
of allogeneic cultured dermal substitute (CDS) com-
posed of fibroblasts on a scaffold (5-10). Another
skin substitute is allogeneic cultured skin substitute
(CSS), which is composed of keratinocytes and fibro-
blasts on a scaffold (11-15). Recently, however, the
commercialization of these allogeneic products has
been discontinued. There seem to be some problems
in the design of these products.

Kuroyanagi et al. (16-19) developed an allogeneic
CDS composed of a spongy collagen containing
fibroblasts. The efficacy of this allogeneic CDS on
wound healing has been studied in animal tests and
in preliminary clinical trials. On the basis of this tech-
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nique, a new type of CDS was developed by culturing
fibroblasts on a 2-layered spongy matrix of hyalu-
ronic acid (HA) and atelo-collagen (Col) (20--24).

A multicenter clinical study on the use of alloge-
neic CDS was performed in 30 hospitals across Japan
as the Regenerating Medical Millennium Project of
the Ministry of Health, Labor and Welfare. Alloge-
neic CDS has been applied to debrided wound
surfaces to prepare wound beds for split-thickness
auto-skin graft, and reported results of clinical stud-
ies at other hospitals involved in this project indicate
that use of CDS for this procedure has generally
been successful (25-27).

Surgical closure with auto-skin grafting is the gold
standard for treatment of victims with extensive deep
dermal burns (DDB) or deep burns {DB). However,
if the donor site is limited, an alternative treatment
may be required. Although autologous CES can
serve as an alternative material, its use raises practi-
cal problems, including the long preparation process
(>3 weeks), the need to prepare the wound bed for
CES, and reduced growth of keratinocytes derived
from geriatric burn patients. The most practical treat-
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ment is mesh auto-skin grafting, Generally, a 1.5- or
3-fold extended mesh auto-skin graft is used because
it usually results in successful epithelization. In prac-
tice, a mesh auto-skin graft is applied on the debrided
wound surface, on which a conventional ointment
gauze dressing was placed to protect the mesh auto-
skin graft. When 6-fold extended mesh auto-skin
graft has been applied to a wound surface in poor
condition, the mesh skin graft has failed to take. With
highly extended skin grafting, there is a risk of poor
epithelization. To overcome this problem, excellent
biological dressing is required. In the present study,
"~ we evaluated allogeneic CDS as coverage for a 6-fold
extended mesh auto-skin graft.

MATERIALS AND METHODS

Preparation of spongy matrix composed of
hyalurenic acid (HA) and atelo-collagen (Col)

The spongy matrix was prepared using a method
described in previous articles (21-23). An aqueous
solution of HA with cross-linking agent was poured
into a polystyrene dish (11x10cm); a sheet of
hydrated cellulose nonwoven fabric was attached to
the bottom of the dish. The HA solution in the dish
was frozen in a freezer at —85°C and then lyophilized
to obtain the HA sponge. After the sponge was
rinsed thoroughly with distilled water to remove free
cross-linking agent, the hydrated HA sponge was
frozen and lyophilized to obtain the purified HA
sponge. The purified HA sponge was punched
mechanically to produce many holes. The Col
solution was poured into a polystyrene dish
(11 x 10 cm). The HA sponge with many holes was
carefully immersed in the dish containing Col solu-
tion, with a sheet of nonwoven fabric resting on the
upper side of the HA sponge, and was then frozen
and lyophilized to obtain a 2-layered sponge of HA
and Col. Both surfaces of the 2-layered sponge were
irradiated with ultraviolet light to produce intermo-
lecular cross-linking of Col molecules. Each sponge
was then packed in a bag and kept in a dry sterilizer
at 121°C for 2 h.

Establishment of cell banking

A small piece of skin was obtained from a 3-
month-old patient during surgical excision of an
excrescence. This patient was free from infectious
viruses such as HBV, HCV, HIV, and HTLV, and
results of the treponema pallidum hemagglutination
test (TPHA) were negative. All procedures were in
compliance with the ethical guidelines of St. Mari-
anna Medical College. The sterilized piece of skin
was immersed in Dulbecco’s modified Eagle's

medium (DMEM) containing dispase for 20 h at 4°C.
After this enzymatic treatment, the epidermis was
mechanically separated from the dermis. The dermis
was minced, and was then treated with 0.5% collage-
nase in DMEM supplemented with 1% fetal bovine
serum (FBS) for 2 h at 37°C to obtain the cellular
suspension. Then, fibroblasts were cultivated in cul-
ture medium to establish cell banking. The cells were
checked for viruses such as HBV, HCV, HIV, HTLV,
and Parvovirus (20,22).

Preparation of cultured dermal substitute

The CDS was prepared using a method described
in previous articles (22-24). Prior to seeding of
fibroblasts, the 2-layered sponge of HA and Col
(10.5 cm x 9.5 cm) was immersed in 50 mL of culture
medium in a polystyrene dish (11 cm x 10 cm), to
hydrate the sponge and neutralize its acidity. The
excess culture medium was carefully removed from
the dish by suction. Fibroblasts obtained from suc-
cessive cultivation of the cryopreserved cells were
seeded onto the 2-layered sponge, by adding 5 mL of
cellular suspension dropwise onto the collagen sur-
face of the 2-layered sponge. The number of fibro-
blasts on the 2-layered sponge was adjusted to
1.0 x 10° cells/cm? The seeded sponge was kept in an
incubator in a humidified atmosphere of 5% CO, at
37°C overnight, followed by addition of 50 mL of
culture medium and culturing for 1 week.

Fibroblasts used in production of CDS were
checked for mycoplasma. The culture medium used
in production of CDS was checked for bacteria.

Cryopreserving and thawing of CDS

The CDS was turned upside down in a polystyrene
dish, and the culture medium was replaced with
30 mL of DMEM supplemented with 10% DMSO
and 20% FBS. The CDS was frozen in the dish in a
programmable freezer (AIR BLASTER, EBAC,
Tokyo, Japan) at a gradient of —1°C/min from 4 to
—-60°C, and was then cryopreserved in a freezer at
-152°C (23,24). The cryopreserved CDS (in the poly-
styrene dish} was placed in a foam polystyrene box
containing dry ice, and was then shipped to hospitals,
where it was preserved at —85°C. Prior to clinical
application, the CDS (in the polystyrene dish) was
placed in a foam polystyrene box at room tempera-
ture for 30 min and then floated in a water bath at
37°C, followed by rinsing with lactated Ringer’s solu-
tion to remove DMSO and FBS.

Clinical evaluation
The clinical evaluation of allogeneic CDS was con-

ducted in compliance with the ethical guidelines of
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TABLE 1. Evaluation of efficacy according to
four different conditions

Very Very

good Good Medium Poor poor
Epithelization 35 27 18 9 0
Granulation tissue 35 27 18 9 0
Control of infection 15 13 8 4 0
Drainage condition 15 13 8 4 0

Kagawa Prefectural Central Hospital. The subjects
were five patients with extensive deep burn wounds
and one patient with necrotizing fasciitis. Skin frag-
ments for grafting were collected from healthy skin
on the back, at a split-thickness of 0.010-0.012 in. Six-
fold extended mesh auto-skin graft was applied to
the debrided wound, and was fixed using a stapler,
with allogeneic CDS placed over the wound. A con-
ventional ointment-gauze dressing was used to pro-
tect the CDS. The CDS was applied repeatedly at
intervals of 3-5 days.

After treatment of full-thickness skin defects with
concomitant grafting of 6-fold extended mesh auto-
skin and allogeneic CDS, we clinically evaluated epi-
thelization, granulation tissue formation, control of
wound infection, and drainage conditions. Epithe-
lization and granulation tissue formation were
graded according to the following scale: very good,
35 points; good, 27 points; fair, 18 points; poor, 9
points; very poor, 0 points. Drainage conditions and
control of wound infection were graded according to
the following scale: very good, 15 points; good, 13
points; fair, 8 points; poor, 4 points; very poor, 0
points (Table 1). Safety was graded according to the
following scale: A, very safe; B, mostly safe; C, prob-
lem with specific treatment; D, not safe.

Total evaluation consisted of judging both efficacy
and safety (Table 2). Cases with a total point score
>80 and a safety grade of A were assessed as excel-
lent. Cases with a total point score 260 and <79 and
a safety grade of A or B were assessed as good. Cases
that fulfilled either of the following sets of criteria
were assessed as fair: total point score =40 and <59,
and safety grade of A, B, or C; total point score >60,
and safety grade of C. Cases that fulfillled either of
the following sets of criteria were assessed as poor;
total point score 220 and £39, and safety grade of A,
B, C, or D; total point score >40, and safety grade of
D (26-28).

CASE REPORTS

Three representative cases are presented below.
Case 1: An 81-year-old female was injured when
her clothes caught fire while she was burning dry
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grass as part of farm work. The injury was located in
the lumbar-gluteal region over the bilateral lower
limbs, and a mixture of DDB and DB accounted for
36% of the injured region. On day 6, when her gen-
eral condition had improved, debridement of both
lower legs was performed up to the fat layer, and
6-fold extended mesh auto-skin fragments were
grafted onto the right lower leg, followed by applica-
tion of allogeneic CDS (Fig. 1A-C). On day 13,
debridement of the bilateral femoral and gluteal
regions was performed up to the fat layer, and 6-fold
extended mesh auto-skin fragments were grafted
onto the left femoral region, followed by application
of allogeneic CDS. Take and epithelization of the
grafts were good on day 18 after grafting on the
right lower leg (Fig. 1D) and on day 14 after grafting
on the left femoral region (not shown). The applica-
tion of CDS was continued for a period of 42 days at
both sites. The patient had mild dementia and
rejected bathing, but the epithelialized wound area
seemed to itch less than the regions treated with
conservative therapy, and good cicatrices were
formed without scratch wounds. The patient was dis-
charged wheelchair-bound 9 months after surgery,
after gait training.

Case 2: A 79-year-old male fell into a bonfire and
was burned. The injury was a mixture of DDB and
DB accounting for 25% of the back, gluteal regions
and both hands. On day 6, when the general condi-
tion had improved, debridement was performed on
the bilateral gluteal regions up to the fat layer, and
6-fold extended mesh auto-skin fragments were
grafted, followed by application of allogeneic CDS
(Fig. 2A,B). Take and epithelization of the grafted
skin were good on day 8 after grafting (Fig. 2C). Epi-
thelization advanced smoothly on the granulation
tissue under the CDS and is shown on day 22
after grafting (Fig. 2D). The application of CDS was
continued for a period of 24 days. The patient was
discharged 2 months after surgery, and he rides a
motorcycle and visits the outpatient office once every
few months. At 10 months after surgery, the cicatrices
were thin and soft, maintaining good condition.

TABLE 2. Total evaluation by judging both efficacy and

safety

Total evaluation Efficacy Safety

Excellent 80-100 A

Good 60-78 AorB

Fair 40-59 A,BorC
>60 C

Poor . 20-39 A,BCorD
>40 D

A, very safe; B, safe; C, with specific treatment; D, not safe.
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FIG. 1. Case 1: an 81-year-old female (Patient 1). The patient suffered DDB and DB on the right lower leg (A}). Six-fold extended mesh
auto-skin fragments were applied to the debrided wound (size 18 x @ cm) (B), and followed by application of allogeneic CDS (C}). The
mesh skin took successfully and the area between strips of mesh skin were epithelized on day 18 after grafting (D).

Case 3: An 88-year-old female suffering from
necrotizing fasciitis on the back lumbar region (size
39 x 28 cm) (Fig. 3A). Necrocectomy was performed
up to the fat layer, and 6-fold extended mesh auto-
skin fragments were grafted onto the debrided
wound, followed by application of allogeneic CDS
(Fig. 3B,C). Take and epithelization of the grafted
skin were good on day 28 after grafting (Fig. 3D).
The cicatrices were thin and soft, indicating good
condition.

RESULTS

The mean duration of use of cultured allogeneic
dermal substitute was 36 days, and the mean number
of CDS exchanges was 7 (Table 3). In one case
(Patient 4), the grafted area gave rise to infection at
day 14 after grafting. Take of grafted skin was com-
plete in all cases, and epithelization advanced
smoothly in 6 cases. About 5 days after grafting, epi-
thilization began in the area surrounding the grafted
skin. Formation of good red-colored granulation

between strips of mesh skin was smooth and flat, and
epithelization advanced smoothly on that granula-
tion tissue under the CDS. Healing was not slower
than that of the 3-fold extended mesh skin grafts in
the same patient, The duration of postoperative fol-
low-up was 10-14 months, and cicatrices were soft
and elastic. Stiffness was mild and did not disturb
motor function.

DISCUSSION

A multicenter clinical study of allogeneic CDS has
been conducted in 30 hospitals across Japan as part
of the Regenerating Medical Millennium Project of
the Ministry of Health, Labor and Welfare. This clin-
ical study was designed to evaluate allogeneic CDS
for treatment of severe wounds, including burn
wounds (DDB, DB), skin ulcers, traumatic skin
defects, and excise wounds from removal of giant
pigmented nevus (26-28). The department of plastic
reconstructive surgery of Kagawa Prefectural Cen-
tral Hospital is a member of this project. In our
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FIG.2. Case 2: a 79-year-old male (Patient 2). The patient suffered intermingled DDB and DB on the bilateral gluteal regions.
Debridement was applied up to the fat layer, and 6-fold extended mesh auto-skin fragments were grafted on the wound (A), on which
the allogenic CDS was placed {B). On day 8 after grafting, the grafted skin took successfully {C). On day 22 after grafting, epithelization

was advanced (D).

hospital, the focus of this clinical study was applica-
tion of CDS for coverage of 6-fold extended auto-
skin graft,

Allogeneic CDS fails to take permanently on the
wound surface, but is able to produce cell growth
factors (e.g., vascular endothelial growth factor

[VEGF]) and extracellular matrix components (e.g.,
fibronectin), which are necessary for wound healing
(22,25). The constituents of the spongy matrix of
CDS promote wound healing. Hyaluronic acid has
a high capacity for hydration, is involved in ad-
herence/detachment of cells and substrates, and

TABLE 3. Information on patients given concomitant grafting of 6-fold extended mesh auto-skin and allogeneic CDS

Patient 1 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Age 81 81 79 39 44 54 88
Sex M M M F M M F
Indication DDB/DB DDB/DB DDB/MDB DDB/DB DDB/DB DDB/DB Necrotiz. fasciitis
Region Right lower Left femoral Left gluteal Right Right left Right lower Left lumbar

leg region region forearm arm leg region
Size {cm x cm) 18x9 15%9 24x17 14x7 30x10 27x10 27 %13
Tx6 40x10

Duration (days) 42 42 22 46 28 26 47
Exchange (number) 8 7 6 7 7 7 7
Efficacy 96 96 98 88 75 82 88
Safety A A A A C A A
Total evaluation Excellent Excellent Excellent Excellent Fair Excellent Excellent

CDS§, cultured dermal substitute; DDB, deep dermal burns; DB, deep burns.

Artif Organs, Vol. 28, No. 5, 2004
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FIG. 3. Case 3: An 88-year-old female (Patient 6). The patient suffered necrotizing fasciilis on the back lumber region (A). Necrosectomy
was performed, and 6-fold extended mesh auto-skin fragments were grafted (B), on which the allogeneic CDS was placed {C). On day
28 atler grafting, the grafted skin took successfully and epithelization was advanced (D).

promotes cell migration (29,30). Collagen-derived
polypeptide acts as a chemotactic factor for fibro-
blasts (31).

Treatment of deep burn wounds requires surgical
closure with auto-skin grafting. However, in cases of
massive burn injury, the donor area is insufficient.
To reduce the area of donor skin surface needed,
the area of harvested split-thickness skin can be
increased by preparing mesh skin grafts. Although
mesh skin grafting has disadvantages with regard to
functional and esthetic aspects of cicatricial skin, it is
a good method for closing wounds at an early stage,
to improve the general condition of the patient. It
seems that successful application of mesh skin graft-
ing extended to more than 3-fold is difficult, because
of insufficient epithelization between the strips
of meshed skin. Successful application of highly
expanded mesh skin grafting requires excellent bio-
logical dressing, which can promote granulation
tissue formation and epithelization on the resulting
granulation tissue. The present study was designed to
evaluate the ability of allogeneic CDS to promote

granulation tissue formation and epithelization when
used as a biological dressing for 6-fold extended
mesh auto-skin grafting. In all present cases, the 6-
fold extended mesh auto-skin took successfully and
most of the wound surface between the strips of
meshed skin epithelialized within 3 weeks. In addi-
tion, the quality of final cicatrices was good. The
present results suggest that allogeneic CDS is highly
suitable as a biological dressing for 6-fold extended
mesh auto-skin grafting. This application has promise
as a therapeutic method for patients with massive
severe burn injuries.
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Digital gangrene associated

with idiopathic hypereosinophilia: treatment
with allogeneic cultured dermal substitute
(CDS)

In the present case study, the patient was a 65-year-old man who
suddenly developed purpuric and necrotic lesions with severe pain in his
fingers and toes. Laboratory investigations revealed marked eosinophilia
(77.9%}, but there was no evidence to support a diagnosis of parasitic
infections, allergic disease, neoplasm or connective tissue disorder. The
histopathological findings did not show any distinct vasculitis, but there
were obliterative changes of the arterioles. The digital gangrene gradu-
ally progressed and was unresponsive to corticosteroid therapy. The
patient eventually underwent amputation of the distal phalanges. We
applied allogeneic cultured dermal substitute (CDS) to the skin defect.
The allogeneic CDS was prepared by culturing fibroblasts on a two-
layered sponge of hyaluronic acid and atelo-collagen. This CDS is able
to release a number of cytokines including VEGF. The present case had
a good clinical result.

Key words: allogeneic cultured dermal substitute, gangrene, hyper-
eosinophilic syndrome, vasculitis

ized by peripheral blood eosinophilia and the infil-

tration of eosinophils into many organs, including
the skin. The most common cutaneous involvements are
pruritic maculopapular and nodular lesions, or urticarial
and angio-edematous plaques [1].
Recently, Jang et al. described a HES patient presenting
with multiple erythematous patches and plaques on the
lowerextremitiescomplicated by digital gangrene [2]. Histo-
pathological examination of the cutaneous lesions in that
patient revealed necrotizing eosinophilic vasculitis. They
speculated that necrotizing eosinophilic vasculitis may be
one of the cutaneous manifestations of HES, and that digital
gangrene may be less rare as one of its manifestations than
has previously been thought,

In the present case study, we investigated the efficacy of a
new approach in which cultured cells are used to treat
severe skin defects. A number of skin substitutes containing
keratinocytes and/or fibroblasts have been developed [3-6].
These products can provide effective therapy for patients
suffering from burns, diabetes ulcer or pressure sores
£7-12). Kuroyanagi et al. developed an allogeneic cultured
dermal substitute (CDS) composed of a spongy matrix of
collagen containing fibroblasts [13]. To improve wound
management, they have developed another CDS by cultur-
ing fibroblasts on a two-layered spongy matrix of hyalu-
ronic acid and collagen; this is the CDS that was used in the
present case [14,15]. Hyaluronic acid has a high capacity
for hydration, resulting in a moist environment at the
wound site. This molecule plays a critical role in several
cellular functions, including migration and proliferation,
by promoting adhesion and disadhesion on tissue substrate
[16]. Collagen and collagen-derived peptides act as

H ypereosinophilic syndrome (HES) is character-
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chemoattractants for fibroblasts in vitro, and may have
similar activity in vivo [17]. The fibroblasts contained in the
present CDS can release biologically active substances
such as VEGF and extracellular matrix compenents such as
fibronectin, which are necessary for wound healing (Kubo
K, Kuroyanagi Y. unpublished data). Since April 2001, the
R&D Center for Artificial Skin of Kitasato University has
been the main participating institution of the Regenerating
Medical Millennium Project {skin department) of the Min-
istry of Health, Labor and Welfare of Japan. This center has
established a banking system for cryopreserved allogeneic
CDS, and has distributed these products to 30 hospitals
across Japan in a frozen state. The results of a multi-center
clinical study suggest that the present type of allogeneic
CDS can provide an excellent wound bed with highly
vascularized granulafion tissue suitable for autologous
split-thickness skin graft [18, 19]. Here, we describe use of
this CDS in a case of idiopathic hypereosinophilia with
digital gangrene,

Case report

A 65-year-old man noticed a cold sensation, pain, and
purpuric patches on the fingers of both hands on May 10,
2002. Although vasodilators and anti-inflammatory drugs
were prescribed by his doctor, the symptoms did not im-
prove. Because the patient subsequently presented with
similar lesions on both soles, he visited our hospital on June
4, 2002, and was admitted 2 days later. Although his previ-
ous and family history was unremarkable, he had smoked
1 or 2 packs of cigarettes per day for 45 years.

The patient was 162 cm in height and 56.3 kg in weight.
There had been no weight loss during the previous month.
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Figure 1, Purpuric patches on the fingertips.

On admission, his blood pressure was 110/72 mmHg, his
pulse rate was 68/min, and his body temperature was
36.5 °C. There were purpuric patches on the tips of the
fingers (Fig. 1) and soles. The distal area of the first toe of
the left foot was necrotic. Laboratory investigations re-
vealed the following: white blood cell count, 30700/mm?
(77.9% eosinophils); IgE, 6366U/1; anti-nuclear antibody
(ANA), x 160. All other immunological screening results
were negative or normal; these included anti-ds DNA,
anti-S8-A, anti-SS5-B, anti-Jo-1, anti-cardiolipin antibody,
anti-neutrophil cytoplasmic autoantibody (ANCA), and
complement components (C3, C4, CHS0) Coagulation pa-
rameters, including protein C and S, were normal. Stool
samples were negative for parasites. No abnormalities were
found by thoracoabdominal X-ray, CT scans or echocardio-
graphic examinations. The karyotype of peripheral blood
cells was normal (46, XY). A skin biopsy specimen ob-
tained from a lesion of the right sole showed a perivascular
infiltrate composed predominantly of lymphocytes and
eosinophils in the superficial dermis. In the deep dermis,
thickening of the small blood vessels and obliterative
changes were found (Fig. 2), but without any distinct
vasculitis or panniculitis.

The patient was treated with vasodilators, anti-platelets,
and oral prednisolone (60 mg/ day). Although the periph-
eral blood eosinophilia improved within a week, his pain
and numbness persisted and digital gangrene developed

Figure 2. Obliterative changes of the arterioles in the deep
dermis (hematoxylin, eosin staining, x 200).
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day by day (Figs. 3a, 3b). Beginning on August 13, 2002,
oral ciclosporin (200 mg/day) was prescribed, but was not
effective. After amputation of the distal phalanges and
debridement of the lateral side of the right foot on Septem-
ber 13, 2002 (Fig. 4), trafermin was applied to the skin
defects. Due to persistent pain, we applied the allogenic
CDS to the skin defects {Fig. 5), and a conventional
ointment-ganze dressing was used to protect the CDS. The
CDS was replaced with fresh CDS at intervals of 3 to
5 days for 6 weeks. During CDS treatment, the pain almost
disappeared, and there was no other complaint about the
wound area. Because healthy granulation tissue had suc-
cessfully formed we covered the skin defects with split-
thickness skin grafts harvested from the thigh on November
11, 2002 (Fig. 6). The treatment with prednisolone and
ciclosporin was gradually discontinved, and the patient was
discharged from our hospital on December 11, 2002.

Discussion

HES generally involves marked eosinophilia of unknown
etivlogy and damage to multiple organs. The criteria for
diagnosis of HES include the following: peripheral blood
eosinophilia with eosinophil counts > | 500/mm? for at
least 6 months; no evidence of parasitic, allergic or other
known causes of eosinophilia; and presumptive signs and
symptoms of multiple organ involvement [1]. Because we

Figure 3b. Necrotic lesions on the fingertips.
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Figure 4. Debridement of the lateral side of the right foot.

began medication as soon as the laboratory investigations
revealed  hypereosinophilia  (eosinophil  counts,

23 900/mm>), it is not clear whether the first criteria was
fulfilled in the present case. However, the symptoms and
laboratory results generally indicated HES.

Cutaneous manifestations occur in more than 50% of HES
patients [1]. However, digital gangrene in HES has very
rarely been reported [2, 20, 21]. As mentioned above, Jang
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Figure 5. Application of CDS to the skin defects of the right
foot.

Figure 6. Right foor at 6 weeks after starting the CDS treat-
ment.

et al. described a HES patient presenting with cutaneous
vasculitis complicated by digital gangrene [2]. In contrast,
Oppliger et al. reported a HES patient with digital gangrene
associated with occlusion of medium-sized arteries, but
without cutaneous vasculitis [20); this suggests that digital
gangrene in HES can develop independently of cutaneous
vasculitis. In the present case, cutaneous vasculitis was not
detected by histopathological analysis. Instead, some blood
vessels were almost obliterated, whereas others were ex-
tremely dilated, probably due to compensation. Elastica
van Gieson staining showed that these obliterated vessels
were arterioles. Angiography of the extremities was not
performed, because we were unable to obtain approval
from the patient; thus the condition of his medium-sized
arteries was unclear. However, it is possible that his long-
term smoking induced thromboangiitis obliterans (TAQ).
Ferguson et al. found marked eosinophilic infiltration of
the thrombus and vessel wall in a patient with TAO associ-
ated with idiopathic hypercosinophilia. It is possible that, in
some TAO patients, eosinophils are involved in pathogen-
esis of TAO [22]. In fact, other cases of hypereosinophilia
with arterial occlusion have been reported [23]. Although
the precise pathomechanism responsible for thrombosis in
patients with hypereosinophilia is unknown, it has been
suggested that eosinophilic granule protein impairs throm-
bomodulin function [24, 25].

In the present patient, prednisolone reduced the absolute
eosinophil count. However, the severe pain in his fingers
and toes was uncontrollable. Takekawa et al. have sug-

‘gested that tumor necrosis factor alpha (TNF-a) may play a

role in the eticlogy of necrosis of the fingertips in HES [21].
Further investigations are needed to determine if any other
interventions, such as anti-TNF antibody, suppress the ne-
crosis more effectively than corticosteroids. In addition,
cases of HES, that respond well to imatinib, have recently
been reported [26, 27].

In the present case, we used the allogeneic CDS prepared
by Kuroyanagi et al. [14], at the sites where amputation and
debridement were performed.

This CDS has been found to release a number of biologi-
cally active substances, including VEGF, bFGF, HGF,
KGE, PDGF, TGF-B, IL-6, and IL-8 (Kubo K, Kuroyanagi
Y. unpublished data), and to reduce wound size more rap-
idly than ordinary ointment. In the near future, CDS may be
commonly used to improve skin defects. W
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Clinical evaluation of allogeneic cultured
dermal substitutes for intractable skin ulcers
after tumor resection

Clinical research on allogeneic cultured dermal substitute (CDS), which
was newly developed at the R&D Center for Artificial Skin of Kitasato
University, has been carried out in medical centers across Japan with the
support of the Millennium Project of the Ministry of Health, Labor and
Welfare of Japan. Allogeneic CDS was prepared by cultivation of fibro-
blasts on a two-layered spongy matrix of hyaluronic acid and atelo-
collagen. This paper reports the clinical results of application of allo-
geneic CDS in 12 patients with full-thickness skin defects after surgical
resection of skin tumors. In 9 of 10 patients, healthy granulation tissue
developed immediately, allowing us to perform split-thickness skin
grafts at an early stage. In two cases, allogeneic CDS was used to cover
an expanded mesh skin graft that had been applied to treat a large ulcer,
and rapid epithelization was observed. No patient developed local infec-
tion nor local tumor recurrence after treatment with CDS. The spongy
matrix itself as well as the vascular endothelial growth factor (VEGE)
released by the allogeneic CDS seemed to be beneficial for the treatment
of intractable skin ulcers. Allogeneic CDS functions as an excellent
biological dressing, and could dramatically change the treatment of
intractable skin ulcers.

Key words: allogeneic cultured dermal substitute, fibroblast, full-
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and some of them are commercially available in

the United States. A representative engineered
product is autologous cultured epidermal substitute (CES),
which is composed of stratified keratinocytes (Epicel™;
Genzyme Tissue Repair, Cambridge, MA, USA) [1-4]. Two
types of allogeneic cultured dermal substitute (CDS) (Der-
magraft® and Trans Cyte®; Advanced Tissue Sciences, La
Jolla, CA, USA) are composed of fibroblasts on a scaffold
[5-10]. Another skin substitute is allogeneic cultured skin
substitute (CSS) (Apligraf®; Organogenesis, Canton, MA,
USA), which is composed of keratinocytes and fibroblasts
on a scaffold [11-13]. Allogeneic CDS and CSS require an
appropriate matrix, i.e., a scaffold for fibroblasts and/or
keratinocytes, Recently, however, the commercialization of
these allogeneic products was discontinued. There seem to
be some problems in the design of these products.

Kuroyanagi and colleagues [16-19] developed an alloge-
neic CDS composed of a spongy collagen containing fibro-
blasts. The efficacy of this allogeneic CDS on wound heal-
ing has been assessed in animal studies and in preliminary
clinical trials [20, 21]. Based on this concept, a second
version of the CDS was developed through cultivation of
fibroblasts on a two-layered spongy matrix of hyaluronic
acid (HA) and atelo-collagen (Col). The HA molecule
plays a critical role in several functions such as migration
and proliferation of various types of cells by promoting
adhesion and disadhesion on the tissue substrate [23-26].
The collagen molecules also play a pivotal role in the

d variety of skin substitutes have been developed
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thickness skin ulcer, VEGF

wound healing process. Collagen and collagen-derived
peptides act as chemoattractants for fibroblasts in vitro and
may have a similar activity in vivo [27].

A multi-center clinical study on the use of allogeneic CDS
was performed in 30 hospitals across Japan as the Regen-
erating Medical Millennium Project of the Ministry of
Health, Labor and Welfare of Japan. The Department of
Dermatology of Kyushu University Hospital is a member
of this project. This clinical study was designed to evaluate
the usefulness and efficacy of allogeneic CDS in the treat-
ment of full-thickness skin defects after the resection of
skin tumors.

Materials and methods

Preparation of spongy matrix composed
of hyalurenic acid (HA) and atelo-collagen (Col)

Spongy matrix was prepared by the method described pre-
viously [20, 21]. An aqueous solution of HA with cross-
linking agent was poured into a polystyrene dish
(11 cm x 10 ¢m), in which a sheet of hydrated, cellulose,
non-woven fabric had been attached at the bottom. The HA
solution in the dish was frozen and then lyophilized to
obtain the HA sponge. After the sponge was thoroughly
rinsed with distilled water to remove free cross-linking
agent, the hydrated HA sponge was frozen and lyophilized
to obtain the purified HA sponge. The purified HA sponge
was punched mechanically to produce many holes. The Col
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solution was poured into a polystyrene dish
(11 cn % 10 cm). The HA sponge with many holes was
carefully immersed into the dish containing Col solution,
keeping the sheet of non-woven fabric on the HA sponge
facing upward. The hydrated HA sponge was frozen and
lyophilized to obtain a two-layered sponge of HA and Col.
Both surfaces of the two-layered sponge were irradiated
with an ultraviolet lamp to induce intermolecular cross-
linking of Col molecules.

Establishment of cell banking

Cell banking was established by the procedure desecribed
previously [21, 22]. A small piece of skin was donated from
a 3-month-old patient during the surgical excision of ex-
crescence. The patient was free from infectious viruses
such as HBV, HCV, HIV, and HTLY, and also negative on
the treponema pallidum hemagglutination test (TPHA), in
compliance with the ethical guidelines of St. Marianna
Medical College (Kawasaki, Kanangawa, Japan). Fibro-
blasts were isolated by enzymatic treatment. The succes-
sive cultivation of fibroblasts was initiated in culture me-
dium to establish cell banking. The cells were tested for
viruses including HBV, HCV, HIV, HTLV, and Parvovirus,
and were found to be negative.

Preparation of cultured dermal substitute (CDS)

The allogeneic CDS was prepared by the method described
previously [21, 22]. Prior to seeding fibroblasts on the
two-layered sponge of HA and Cel, 50 ml of culture me-
dium was poured into a polystyrene dish (11 cm x 10 crm),
and the two-layered sponge (10.5 ¢cm x 9.5 cm) was im-
mersed in the culture medium to hydrate and neutralize the
acidic two-layered sponge. Excess culture medium was
carefully removed from each dish by suction. The fibro-
blasts that had been obtained in successive cultivations
from the cryopreserved cells were seeded on the two-
layered sponge. Five ml of the cellular suspension was
added dropwise on the collagen surface of the two-layered
sponge. The number of ﬁbroblasts on the two-layered
sponge was adjusted to 1.0 x 10° cells/cm?®. This sponge
was placed in an incubator overnight, and then 50 ml of
culture medium was added, followed by culturing for
1 week. The fibroblasts used in each CDS that was pro-
duced, were previously tested for mycoplasma and con-
firmed to be negative. The culture medium used in each
CDS that was produced, was previously tested for bacteria
and confirmed to be negative.

Cryopreserving and thawing procedures

Cryopreservation of CDS was performed according to the
method described previously [21, 22]. The CDS was frozen
in DMEM supplemented with 10% DMSO and 20% FBS
from 4 °C to—60°C at a rate of — 1 °C/min, and then
cryopreserved in a freezer at - 15 °C. The cryopreserved
CDS was placed in a foam polystyrene box containing dry
ice, shipped to hospitals, and then preserved at — 85 °C.
Prior to clinical application, the polystyrene dish contain-
ing CDS was placed in a foam polystyrene box at room
temperature for 30 min and then floated in a water bath at
37 °C; then, the CDS was rinsed with lactated nger s
solution to remove DMSO and FBS.

Clinical study

A clinical study on the use of allogeneic CDS was con-
ducted in accordance with the study protocol and the ethical
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guidelines of Kitasato University Hospital and Kyushu®
University Hospital. Twelve patients aged 27-87 years
(mean age, 57.5 years) with skin defects after the resection
of skin tumors were included in this study. Informed con-
sent for CDS treatment was obtained from all patients.
Table I shows the background of the 12 patients. Applica-
tion of allogeneic CDS was performed for the following
conditions, (1) postoperative ulcer (n = 9), (2) covering on
a mesh graft (n = 2), (3) other {n = 1; ulcer on orbital born
that developed after total resection of orbital tissue and
split-thickness skin graft}. The wound surface was rinsed
with saline solution. The allogeneic CDS that had been
rinsed with lactated Ringer’s solution after thawing, was
placed cell-seeded side down on the wound surface, and
conventional ointment-gauze dressing was used to protect
the CDS. A new CDS was applied every 3 to 5 days. Clini-
cal evaluation was performed according to the study proto-
col. Epithelization and granulation tissue formation were
graded according to the following scale: excellent (+ + +),
good {+ +), fair (+), poor (-). The size of the ulcers was
presented as long diameter x short diameter (cm). In all
cases with postoperative ulcer (type 1), skin graft was
performed on the resultant healthy granulation tissue,

Results

The clinical results of application of allogeneic CDS in
patients with skin ulcers are shown in Table 11.In 11 of the
12 cases, healthy granulation tissue developed rapidly.
Full-thickness skin defects, especially those in which ten-
don and/or bone is exposed after surgical resection of a
malignant tumor, are not suitable for immediate free skin
graft. In cases of delayed surgery, it takes a long time for
granulation tissue to form before secondary skin grafting
can be performed. The application of CDS, however, re-
sulted in rapid granulation tissue formation acceptable for
skin graft in 10 cases (Cases 1, 4, 5, 7-12). The mesh skin
graft is very useful for unhealthy and/or non-flat graft beds,
Although a highly expanded mesh graft shows good adap-
tation, completion of epithelization takes a long time. In
Cases 2 and 6, rapid epithelization was observed after CDS
was applied on the mesh skin graft that had been placed
over a large postoperative ulcer. Case 3 was an unusual case
in which the patient had undergone total orbital tissue
resection followed by split-thickness skin graft for a malig-
nant melanoma on her conjunctiva. A dry ulcer with ex-
posed bone was found on the orbital cavity and was sub-
jected to CDS treatment. Although this dry ulcer was small,
its size did not change even after applying CDS ten times.
Treatment with CDS was discontinued. This case suggests
that for a bone-exposing ulcer surrounding a thin skin graft
CDS application may not induce the production of a suffi-
cient number of endogenous fibroblasts to form granulation
tissues.

Application of CDS was found to be useful in the majority
of cases. Allergic reactions to the CDS treatments such as
erythema, itchiness around the ulcer or anaphylactic shock,
were not observed in any patient. The healing process in
two representative cases who underwent allogeneic CDS is
described.

Case 1 was a 68-year-old man with eccrine poroma on the
dorsum of his foot (Fig. la). Preoperative biopsy suggested
malignant transformation, and surgical resection of the
tumor left a full- thickness skin defect of 9.3 cm x 7.8 cm
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