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ABSTRACT

Cultured skin substiutes offer advan-
tages, including reduced donor sites,
fewer surgeries, earlier completion of
wound closure, and superior functional
and cosmetic results compared to con-
ventional meshed split-thickness skin
grafting. Human epidermal keratinocytes
(HK) grow rapidly (1 population dou-
bling/day) at clonal cell density (25 cells
/cm?) in biochemically defined culture
medium consisting of basal medium
MCDB 153 supplemented with EGF (5
ng/mL), insulin (5 mecg/mL), and hyd-
rocortisone(0.5meg/mL). Primary cul-
tures, or stock cultures, are grown in
serum-free medium that also contains
0.5% bovine pituitary extract. After
primary culture, HK can be stored ind-
efinitely in liquid nitrogen, or subcultu -
red repeatedly. HK in serum-free medium
are combined with a dermal substitute
made of collagen and glycosaminoglycan
(GAQ) that is freeze-dried. Pore size and
thickness of the dermal substitute are
regulated by temperture of freezing of
the liquid collagen-GAG

and by concentration of starting mater-

co-precipiate,
ials in the co-precipitate. A planar
surface is added to the porous dermal
substitute to restrict cultured HK to the
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outside surface. The dermal substitute
can be stored dry, rehydrated, and po-
pulated with cultured human fibroblasts
(HK). Cultured skin
similar histologically to natural human

substitutes are

skin in cellular organization and total
thickness (<1.0mm). Cellular attachments,
including hemi-desmosomes, form in vitro
between cultured HK and the dermal
substitute. HK-HF- collagen-GAG skin
substitutes are evaluated in 2X2 cm full-
thickness skin wounds on athymic mice
Cultured skin substitutes
are not exposed to serum after addition
of HK to the dermal substitute,and are
pre-incubated in the angiogenic factor,
basic Fibroblast Growth Factor (bFGF)
Controls

for six weeks.

for 24 hours before surgery.
include murine autograft, human xenograft,
or no graft. Measurement of wound
contraction shows comparable results
between wounds treated with cultured
skin substitutes (39% original ginal)
size) or with human split-thickness
skin (50% original size). Staining of
healed wounds for HLA-ABC antigens,
demonstrates similar rates of graft ac-
ceptance for cultured skin substitutes
(7/10) and human splitthickness
(5/6). Cultured skin

applied to wounds in a single procedure

skin
substitutes are

AR ALY RHROMUR RE- -2 WA T 12 H



in analogy to split-thickness skin graft.
Clinical applications for cultured skin
substitutes include treatment of burns,
plastic and reconstructive surgery, and

dermatology.

INTRODUCTION

Uninjured skin serves many physiolo-
gic functions including, but not lhimited
to: protection from infectious agents and
solar radiation, regulation of moisture
flux from the body, regulation of body

temperture, and perception of the envir
onment. The physiologic functions of
skin are performed by a variety of cells
in differentiated epidermis (keratinocy -
tes, melanocytes, Langerhans cells),and
in the dermis ( fibroblasts,

endothelium, leukocytes).

vascular
Skin
injuries, such as burns, destroy these

loss

structures and functions of skin,
mortality or long-
Conventional split
the
fundamental functions of skin. However,

and can cause
term morbidity.
thickness skin grafting' restores

in large injuries, sufficlent amounts of
donor skin are not available, repeated
surgical procedures for harvesting of
donor sites are required, and long hos-
pitalization times occur.

To address these limitations of con-
ventional skin grafting, several kinds of
skin substitutes have been developed
and tested. Epidermal substitutes

include cultured human epidermal

keratinocytes®s® suction blisters placed

on allogeneic dermid, and thin epidermal
grafts placed onto collagen-based dermal
substitutes’ Dermal substitutes include

allogeneic dermis’’° collagen-glycosami-
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noglycan (GAG) sponges without cells’
or containing cultured fibroblasts’ and
collagen gels containing cultured fibro-
blasts’ This report summarizes in vitro
and animal studies of the combination

of a collagen-GAG biopolymer sponge
that is populated internally with cultured
human fibroblasts, and covered externa-
lly with cultured human epidermal kera-
tinocytes grown in serum-free and bio-
chemically defined medium.

MATERIALS AND METHODS
Components of skin Substitutes. Cul-

tured skin substitutes were prepared
from separate cultures of human kera-
tinocytes (HK), human fibroblasts (HF),
acellular collagen-glycosaminoglycan (C
-GAG) membranes. C-GAG membranes
were made as described previously’The
structure of the C-GAG membrane was
optimized for pore size to promote in-
growth of fibrovascular tissue from the
wound bed, to allow
growth of HF in membrane pores, and

attachment and

for culture of HK on the membrane su-
rfacé! Culture media used to
cultured skin substitutes are summarized
in Table I. a) DMEM medium supplem-
ented with 10% FBSE 10ng/mL EGF, 5§
mcg/mL imsulin and 0.5 mcg/mL
hydrocortisone ; b) serumfree MCDB
1563° containing 0.5% (v/v) bovine pi-
tuitary extract (BPE), with elevated
concentrations of selected amino acids,”
and ¢) Biochemically defined MCDB 153
in which the EGF is replaced with 10-100
ng/mL basic Fibroblast Growth Factor
(bFGF).

Preparation of skin Substitutes. Sepa-

prepare




rate primary cultures of HK and HF
cells were established respectively from

the epidermis and dermis of a skin bio-
psy® HK were cultured in serum-free
MCDB 153 (Table I, medium “b”), and

HF in medium “a” (Table I). Primary
cultures were subcultured at an appro-
ximate ratio of 1:4 before 1noculation
onto collagen-GAG substrates (16—18
days after primary isolation). HF were
inoculated first ontothe porous (internal)
side of the collagen-GAG substrate 1in a
dish containing medium “a”. After 1-2

days, substrates with HF were washed

X 3 with medium “b”, and HK were
inoculated at a density of 3-5 X 10°cells
/cm?. HK-HF-collagen-GAG skin subs-

titutes were then incubated for an add-
itional 2-4 days in medium “b" For the
final 24 hours before surgical application,
the skin substitutes were incubated 1in

medium “c”, in which the BPE were re-
placed with bFGF.

TABLE I Media Compositions.
Med{un designation rg" "hr et
Basal medium DMEM HMCDB 153 MCDB 153
Defined Supplements
bFGF 10-100 ng/mL
ECF 10 ng/mL 10 ng/mL
insulin 5 meg/al 5 mcg/al 5 mcg/aml
hydrocortisone |0.5 mcg/mL {0.5 mcg/mL G.5 mcg/mL
Undefined Supplements
BPE 0.5 % (v/v)
FBS 10 % (v/v)
Expermental Treaments. All animal

studies were approved by the UCSD An
mmal Subjects Committee. Cultured skin
substitutes (Treatments B, N=10) were
compared on athymic mice (Balb/c, nu/
nu) to human xenograft (Treatment C,
N=16), murine autograft (Treatment D,
skin rotated 180°, N=16), or no graft
(Treatment A, N=18). Mice were anes-
thetized with avertin (tri-bromo ethanol

in tert-amyl! alcohol), and. 2 X 2 cm full-
thickness skin defects were prepared to
a depth leaving the panniculus carnosis
intact. Wound perimeters were tato-
oed at eight points, treatments
were administered, N-Terface (Winfield
Laboratories, Richardson, Texas) was
placed over the grafts, and stent-type
sutures secured the N-Terface and gra-
fts to the wound margin and wound
bed. Grafts were dressed with Xeroform
(Sherwood Laboratories; St. LouisMO)
and cotton gauze, sutures were tied over
the dressings and covered with Gurad
bandages. Data were collected six weeks
post surgery.

Data Collection and Analysis. Data

were collected at six weeks post surgery
for analysis of wound contraction and
graft acceptance. Wound contraction

was determined by rectilinear planimetry
of areas bounded by tatoo marks made
at the wound margin at the time of sur-
gery. Data for wound contraction are

expressed as % Orjginal Wound Size

(mean = SEM)" Pairwise comparison of

“experimental. groups was performed us-

ing Student’s t Test, and statistical sig-
nificance was assumed at the 95% con-
fidence level (p<0.05). Graft acceptance
was determined by positive immuno-flu-
orescence staining of healed epidermis
with fluorescein labeled monoclonal an-
tibodies against a common hapten of the
HLA-ABC histocompatibility
(Accurate Chemical and ScientificCorp,;
San Diego, CA®
immuno-histochemical staining were pre-

antigens

Tissue samples for

pared from cryostat sections of unfixed,
fresh-frozen excised skin from wound
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DISCUSSION

Cultured skin substitutes offer imp-
rovements over conventional skin graf-
ting of reduced donor
surgical operations to complete grafting,
shorter hospitalization time, and superior
functional and cosmetic results. However,
to accomplish these objectives cultured
skin substitutes must meet the require-

sites, fewer

ments of any temporary skin substitute
in control of fluid loss, infection, and
scarring, in addition to availability and
cost effectiveness’® Realization of the
advantages of cultured skin substitutes
requires accurate preparation in the la-
boratory and specialized care in the clinic.
Cell distribution and cell viability
cultured skin are highly important to

n

recovery of skin function. Redevelopment
of skin tissue occurs primarily from re-
population of a wound with dermal and
epidermal skin cells that retain sufficient
viability to continue to replicate, and
to reform extracellular matrix. For
epidermis, this consists predominantly
of keratinocytes (95%), melanocytes ( 3
%), Langerhans cells (1%), and other
cell types (1%), The grafts described
in this report contain predominantly
epidermal keratinocytes, although meth-
ods for serum-free culture of human
epidermal melanocytes' are currently
being applied to add pigment cells to
these grafts. The principal growth
supplements in serum-free medium for
HK are epidermal growth factor (EGF)
and bovine pituitary extract(BPE), Flow
cytometry has been used to demonstrate
that 10-20% of HK in this medium con-

tinue to cycle for at least two

weeks

after inoculation onto collagen-GAG su-
bstrates!® Langerhans cells have
shown to be depleted from HK cultures.
But because Langerhans cells are bone

been

marrow derived, they may be expected
to repopulate epithelial tissue regenera-
ted from cultured skin. In dermis,
fibroblasts constitute one major soma-
tic cell type, but reestablishment of
micro-vascular supply through growth of
endothelium is critical to graft acceptance
and persistance. Endothelial cells have
not yet been reported to be added to
any skin substitute. Therefore, vascular
ingrowth must occur from the wound
bed. Basic FGF is a powerful angioge-
nic compound; and also has been shown
to replace the mitogenic stimuli of EGF
and BPE for cultured keratinocyteslgand
fibroblasts
of cultured skin grafts in bFGF for one

day befor application maintains viability

Therefore, pre-incubation

of keratinocytes and fibroblasts in vitro

and also stimulates microvascular ingr-
owth in vivo from the woundbed to pr-

omote graft accepsance.
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Current structural and functional
deficiencies of all cultured skin substitutes
(hair,

oil and sweat glands), abnormal pigme-

include lack of epidermal adnexi

ntation, and unknown degrees of inner-
vation (touch and temperature sensatiory
Conventional split- thickness skin grafts,
by definition, contain no epidermal adne-
x1, but do contain melanocytes that po-
pulate the dermal-epidermal junction.

Proper pigmentation of cultured skin
substitutes is important not only for
cosmetic appearance, but also for pro-

tection from solar radiation. Long-term
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studies of occurrance of carcinoma or
melanoma in skin regenerated from
not yet available.

from

cultured cells are
Innervation of skin generated
cultured cells also remains to be studied,
but will affect the sensory capacity of
the healed wounds. Sensation 1n skin
healed with cultured cells may influence
whether reinjury of the grafted area
occurs, or is detected.

Autologous grafts of cultured skin
cells have been shown to be successful
clinically” but they require about three
weeks to prepare. Cultured allografts
by comparison could be made available
very soon after injury and allow further
Although
allografts of cultured keratinocytes have

reduction of hospitalization.
been shown to reepithelialize partial
thickness wounds” they have not been
shown to persist indefinitely. The rejec-
tion of cultured epidermal allografts
does not always occur by active destr-
uction of the allogeneic graft, but rather
by
host tissue with little or no inflamma-
tion”> It is likely, therefore, that cultured

skin substitutes containing allogenenic

by slow replacement of the graft

cells may serve as temporary biologic
skin substitutes until sufficient amounts
of autologous grafts can be prepared.

Applications for cultured skin substi-
tutes include skin grafting for burns,
plastic surgery, and dermatology, and
also as alternatives to animals in safety
testing of consumer products and envir-
onmental hazards. Principles for pre-
paration of skin substitutes are derived
from many academic disciplines, such

as cell biology, polymer chemistry, phy-
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siology, immunolngy, surgery and der-
matology. These principles extend
preparation of other tissue and organ
substitutes such as blood vessels, blood,
bone, cartilage, endocrine glands and

to

solid organs. Successful development

and testing of these tissue and organ

substitutes requires comprehensive and
interdisciplinary studies. Successful
implementation of skin and other tissue
substitutes can contribute to new sta-
ndards for public health and welfare in

the future.
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