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For several years, grafting with allogeneic keratinocyte
cultures has been used successfully as a wound-healing
therapy both by us and by many other groups. Since their
postgrafting survival time is limited, the effect of these

cultures is generally explained by the production of

wound repair—stimulating factors that promote prolifer-
ation and migration of resident cells. In this study we show
that lysates of cultured keratinocytes contain mitogenic
activity for keratinocytes, endothelial cells, and fibroblasts.
In addition, the lysates inhibit the contraction of collagen
gels by human skin fibroblasts. On the basis of these
observations and of in vivo data obtained by ourselves and
others, we have evaluated the effect of total keratinocyte
lysates on the healing of meshed skin autograft—covered
burn wounds. Twenty burn wounds were tangentially ex-
cised and autografted with one to three meshed conven-
tional skin transplants. An area treated with a gel con-
taining lysated keratinocyte cultures was compared with
an area treated with placebo-gel in terms of epithelializa-
tion on day 5. In six patients an additional fresh kerati-
nocyte alloculture was applied as a positive control.

Results indicate that the newly formed epithelium (dif-
ference between percentage of epithelialization on day 5
and on day 0) was 31.1 percent in the treated area com-
pared with 16.5 percent in the placebo area. This result is
comparable with the value obtained by treatment with
fresh keratinocyte allocultures, namely, 33.8 percent.
These figures show a twofold stimulation of epithelializa-
tion.  (Plast. Reconstr. Surg. 98: 110, 1996.)

Since the introduction of efficient keratino-
cyte culturing techniques,” cultured epithe-
lium autografting has become a widely estab-
lished tool in the armamentarium of the burn
surgeon. However, the time involved in expand-

ing autologous keratinocyte cultures to obtain
a surface area sufficiently large to allow the
grafting of extensive burnsis a serious drawback
in many cases. Therefore, several centers have
explored the possibility of using cultured allo-
geneic keratinocytes for the treatment of burns,
donor sites, and chronic ulcers.'”® Our own
studies also have demonstrated the effective-
ness of cultured allogeneic keratinocyte sheets
for enhancing the closure of split-thickness
meshed skin autografts in burn patients. Nev-
ertheless, even the use of cultured allogeneic
epithelium is still tempered by several draw-
backs, especially with respect to cost and avail-
ability of donor skin, technical infrastructure,
and know-how. In addition, several studies have
shown that the survival time of these allocul-
tured grafts is limited and that they are gradu-
ally replaced by autologous cells.’~® Therefore,
the observed enhancement of epithelial cover-
age by these grafts is not due to permanent
“take” of the grafts but generally has been at-
tributed to an indirect stimulation of the repair
mechanisms of the recipient. This may be me-
diated, for instance, by the production of
growth factors, which may induce wound clo-
sure by stimulating the migration and prolifer-
ation of resident epithelial cells present in the
wound bed. These resident keratinocytes may
be derived from surviving epidermal append-
ages (e.g., in second-degree burns), from the
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wound edges, or from split-thickness skin au-
tografts. In this study we have substantiated this
theory by showing that keratinocyte cell extracts
are mitogenic toward multiple cell types and
that whole lysates of these cells are able to sig-
nificantly enhance the closure of split-thickness
skin autografts. We have generically named
these wound repair—stimulating factors pro-
duced by keratinocytes keratinocyte-stimulating
Jactors.

PATIENTS AND METHODS

Patient Population and Study Design

A total of 20 lyophilizate applications (la-
beled A to T) were performed at the Military
Hospital Burn Center on 17 patients (12 males
and 5 females) after obtaining informed con-
sent. The age of the patients ranged from 7 to
63 years, with a mean of 36 years. The total body
surface area burned ranged from 3 to 49 per-
cent, with a mean of 23 percent. The patients
presented with both deep second- and third-
degree burn wounds. Exclusion criteria for this
clinical study were postoperative bleeding, in-
fection of the wound, unwrapping of wounds at
other timepoints than 5 days postoperatively,
and sliding of the application template.

Of each wound, a 25-cm? area was treated
with keratinocyte lysate and an adjacent area
with a control gel (see Clinical Application Pro-
tocol). Selection of control and lysate-treated
areas was performed at random. Application of
lysate or control and evaluation were per-
formed double-blind.

The purpose of the study was to compare the
amount of newly formed epithelium in both
conditions 5 days after surgery (which was
found to be the optimal time for evaluation).
Therefore, wound closure on day 5 was quan-
titatively determined (see Method of Evaluation).
The actual percentage of newly formed epithe-
lium after 5 days was calculated by subtracting
the average original surface area (i.e., the day 0
closure value) of a meshed autograft from the
total closed area on day 5. This average day 0
closure value was determined on a population
of 26 of the wounds.

Only from 9 of the 20 wounds in the study
population (wounds C, K, I, M, N, P, Q, R, and
T) did we have the actual day 0 closure values
from both the lysate and the control areas.
Therefore, a separate analysis was performed
on this subpopulation.

In 6 cases within the population (applications

E, F, H, L, Q, and S), wounds were treated
additionally with fresh keratinocyte cultures
and quantitatively evaluated. This subpopula-
tion was used to compare the effect of the lysate
with that produced by fresh cultures.

In Vitro Culture of Keratinocyles

Keratinocyte cultures were established from
skin specimens obtained from healthy donors
with ages ranging between 15 and 59 years
(mean 36 years) who tested negative for human
immunodeficiency virus (HIV), hepatitis B vi-
rus, hepatitis C virus, and syphilis. All donors
met the criteria for organ donation. Keratino-
cytes were cultured in mitomycin C-treated
feeder layers, as described by Rheinwald and
Green.” The primary keratinocytes were used
for grafting upon reaching confluency in pas-
sage 2. Twenty-four hours before picking up,
the cells were rinsed three times with physio-
logic saline and put in a culture medium with-
out fetal calf serum or additives.

Preparation of Keratinocyte Lysates and Cell Extracts

To prepare the lysates, we used seventy-seven
175-cm? keratinocyte cultures obtained from
three donors (30 cultures from the first, 30
cultures from the second, and 17 cultures from
the third donor) that were stored at —70°C as
cell pellets. Before preparing the lyophilizate,
an additional microbiologic contamination test
was performed. After thawing, the cells were
subjected to a hypotonic shock by addition of
ultrapure water to a final volume of 3 ml per
culture. The tubes were vortexed until a homo-
geneous suspension was obtained, and the re-
sulting cell lysates were passed three to four
times through a syringe. These lysates were sub-
sequently lyophilized in order to allow applica-
tion in a smaller volume. Lyophilization was
carried out in a sterile way in glass vials, each
containing 1.7 ml of keratinocyte lysate. This
amount, corresponding to a keratinocyte cul-
ture of 100 cm?, was used for the treatment of
a single application zone of 25 cm?, resulting in
a fourfold “concentrated” form of lyophilizate
as compared with fresh cultures. Immediately
before use, the lyophilizate was rehydrated in a
suitable volume of 4% isotonic hydroxyethyl-
cellulose gel (Idroramnosan, Federa, Belgium).

For preparation of cell extracts, cultures were
sonicated (10 cycles of 10 seconds each) in PBS
(20 m1/175 ecm? of cells), followed by centrifu-
gation at 48,000¢ for 45 minutes. The protein
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concentration in these extracts was 600 ug/ml
on average.

Preparation of Keratinocyte Cultures for Grafting

Keratinocyte cultures were detached from
the culturing flask by treatment with 20 ml dis-
pase (2.5 ug/ml) for approximately 15 minutes.
A carrier gauze (N-terface, Hospitera, Belgium)
was put on top of the keratinocytes for addi-
tional support. The culture could then be taken
out of the tissue flask for application onto the
wounds (with the basal side of the culture sheet
making contact with the wound surface).

Clinical Application Protocol

A large, deep second- or third-degree burn
wound was prepared by subdermal tangential ex-
cision and autografted with one to three
meshed split-thickness skin grafts with maxi-
mum expansion. Control gel (4% hydroxyeth-
vlcellulose gel) and lysate (tantamount to 100
cm? of keratinocytes suspended in 4% hydroxy-
ethylcellulose gel) were applied into 5 X 5 cm
application zones cut from a 5-mm-thick sili-
cone template (Comesa, Belgium) that was
placed on top of the autografted wound. This
facilitated application of the gels and ensured
their confinement to the application zone. Se-
lection of application sites was performed at
random, and application was done in a blinded
fashion. To exclude bias due to differential se-
verity of the wounds, care was taken to ensure
that excision depth was identical over the whole
wound area. The silicone template remained in
place for 5 days following surgery and was found
to produce no negative effects on the healing
rate of the wounds.

In six wounds, the remainder of the burn was
treated with fresh allogeneic keratinocyte cul-
tures and served as a positive control.

Method of Fvaluation

Five days postoperatively, wounds were un-
wrapped and photographed in a standardized
way. The percentage of closure of the wounds
was determined by placing a grid pattern com-
posed of short line segments® onto the photo-
graphs of the different application zones. The
amount of closure was calculated by counting
the number of line endpoints falling within
closed zones and expressing this as the percent-
age of the total number of endpoints falling
within the application zone. Each photograph
was evaluated by three independent, experi-
enced evaluators.
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Statistics

The data were analyzed by multiple-factor re-
peated-measurements ANOVA. The treatment,
the rater, and the moments of measurement are
within factors. Shapiro-Wilk W normality tests

for each variable showed no departure of the
test populations from normality.

Mitogenic Assays

Mitogenic activity for keratinocytes was as-
sayed by tritium thymidine incorporation on
Balb/MK keratinocytes as described by Cook et
al.'” Mitogenic assays on fetal bovine heart en-
dothelial cells and on Swiss 3T3 fibroblasts were
as described by Van Zoelen.”’

RESULTS

In Vitro Results

Mitogenic and Contraction-Inhibiting Activity.
In order to demonstrate the presence of kera-
tinocyte-stimulating factors in epidermal cell
cultures, human keratinocyte extracts were pre-
pared by sonication and centrifugation at
48,000gor 100,000g. These extracts were shown
to contain mitogenic activity for murine
Balb/MK keratinocytes at dilutions up to 1:36
(Fig. 1, a). By comparison with EGF and aFGF
standards included in the same assay, fourfold
diluted keratinocyte cell extracts were shown to
stimulate the cells about as much as 2.5 ng/ml
EGF or aFGF. In addition to keratinocytes, the
extracts are also mitogenic for other cell types
involved in the wound repair process. As shown
in Figure 1 (b), a 16-fold diluted extract stim-
ulated the proliferation of murine Swiss 3T3
fibroblasts more potently than 2.5 ng/ml of
bFGF. Furthermore, fetal bovine heart endo-
thelial cells also were significantly stimulated by
a 20-fold concentrated keratinocyte 100,000g
cell extract (see Fig. 1, ¢). Finally, apart from
containing mitogenic activity toward several cell
types, keratinocyte extracts also were shown to
inhibit the contraction of collagen lattices by
human skin fibroblasts (not shown). This in
vitro assay®’ is generally considered as being
reminiscent of the contraction process associ-
ated with healing of full-thickness skin wounds,
a phenomenon ususally considered undesir-
able during human wound healing.™ All these
in vitro results suggest that keratinocyte cell
preparations may positively influence many of
the repair mechanisms involved in the wound-
healing process.
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FiG. 1. Mitogenic activity of keratinocyte cell extracts and
control growth factors on different cell types. (a) Murine
Balb/MK keratinocytes stimulated with keratinocyte cell ex-
tract (KC cell extr.), epidermal growth factor (EGF), and
acidic fibroblast growth factor (aFGF) in the presence of 10
pg/ml heparin. (b) Murine Swiss 3T3 fibroblasts stimulated
with keratinocyte cell extract (KC cell extr.) and basic fibro-
blast growth factor (bFGF). (¢) Fetal bovine heart endothelial
cells (FBHEC) stimulated with a 100,000¢ keratinocyte cell
extract (KC cell extr., prepared in a 20-fold concentrated
form) in the presence or absence of 10 ug/ml heparin and
with acidic fibroblast growth factor (aFGF) in the presence of
10 pg/ml heparin.

Stability. The keratinocyte stimulatory activ-
ity of the extracts was found to be remarkably
stable, since most of the Balb/MK mitogenic
activity was preserved after a 2-day incubation,
even at 37°C. After prolonged incubation, the
formation of a precipitate was noted, however,
presumably due to reaggregation of membrane
vesicles. Upon resolubilization in detergent,
these precipitates were found to contain signif-
icant amounts of keratinocyte-stimulating activ-
ity. Therefore, we decided to use a total kera-
tinocyte lysate in the clinical study instead of
using only the soluble cell extract fraction.

Clinical Results

In this study, keratinocyte lysates were pre-
pared by hypotonic shock and lyophilization.
The lyophilizate was reformulated in a neutral
carrier vehicle (Idroramnosan gel) and applied
on top of subdermally excised burn wounds that
had been covered with one to three meshed
skin autografts. Each 25-cm? application area
received an amount of lysate derived from 100
cm?® of keratinocyte culture. Immediately adja-
cent to the lysate application area, a control
area was treated with vehicle only. A total of 20
wounds were treated in 17 patients. Five days
after treatment, wounds were unwrapped, and
the amount of wound closure was determined
and expressed as percentage of total wound
area. This shows an average closure of 78.73
percent (SD 12.98 percent) and 64.05 percent
(SD 14.4 percent) in lysate- and placebo-treated
wounds, respectively. Statistical analysis by
ANOVA showed the difference in closure be-
tween the placebo- and lysate-treated groups to
be statistically significant (p < 0.00006) and
independent of the evaluator (p < 0.24). This
is also illustrated in Figure 3, which shows a
representative  meshed  autograft—covered
third-degree burn treated with keratinocyte ly-
sate and control gel during and 5 days after
surgery. To calculate the amount of newly
formed epithelium, it has to be taken into ac-
count that part of the wound is already closed

Epithelialization of meshes by
keratinocyte lysate (corrected
for mean day zero closure)
754
= control
+ lysate

% epithelialization

8 T T T
ABCDEFGHIJKLMNOPQRST ABCDEFGHIJKLMNOE’QRST
Patient code

Control Lysate

Fic. 2. Plot of percentage of epithelialization in wounds
treated with keratinocyte lysate or control gel (measured 5
days after surgery). Epithelialization values were obtained by
subtracting the average day 0 closure (47.6 percent; see text)
from the measured day 5 closure values. Patients are labeled
A to T. Error bars represent standard error of three mea-
surements, performed independently by three different eval-
uators. Average epithelialization percentage for both treat-
mentgroups (16.5and 31.1 percent, respectively) isindicated
by the thick horizontal lines.
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FIG. 3. Third-degree burn wound, tangentially excised
and grafted with a meshed split-thickness autograft. (Above)
Immediately after surgery. A placebo hydroxyethylcellulose
gel and a keratinocyte lysate—containing gel are applied in
the left and right windows of the silicone application tem-
plate, respectively. In the zone left of the silicone template,
a fresh keratinocyte alloculture was applied as a positive con-
trol. (Below) Five days after surgery. Note the almost complete
reepithelialization of the right (keratinocyte lysate—treated)
zone as compared with the left (placebo gel) zone.

on day 0 as a result of application of the meshed
autografts. Theoretically, this should amount to
a coverage of 33.3 percent for a one to three
expanded mesh. Retrospective measurements
on 26 wounds have shown, however, that the
real closure on day 0 is 47.6 percent (SD 10.5
percent). Therefore, we can conclude that the
actual amount of epithelialization is 31.1 and
16.5 percent for lysate- and placebo-treated ar-
eas, respectively (see Fig. 2). This means that
lysate treatment results in an almost twofold
increase in epithelialization within 5 days.
The possibility exists that divergence from
the average 47.6 percent of closure on day 0
would have biased the results in some wounds.
To exclude this, we recalculated the epithelial-
ization values of 9 wounds, taking into account
the actual percentage of closure on day 0 for
these wounds (for the other 11 wounds, insuf-
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ficient photographic records were available to
allow calculation of day 0 values). This results in
very similar figures, with an average epithelial-
ization of 30.43 pcrcent (SD 14.36 percent) and
19.5 percent (SD 11.53 percent) for lysate- and
placebo-treated wounds, respectively. Again,
ANOVA shows the difference between both
treatment groups to be highly significant (p <
0.0035).

Next, we questioned whether the effect of the
lysate would be comparable with that of fresh
keratinocyte cultures. This was done by evalu-
ating day 0 and day 5 closure levels in 6 wounds
that had been treated with fresh keratinocyte
allocultures as well. This showed an average
closure of 78.28 percent (SD 12.72 percent) in
fresh culture—treated areas, a figure that was not
significantly different (p < 0.89) from closure
values in the lysate-treated areas (77.09 percent,
SD 14.34 percent).

Our results thus demonstrate that treatment
of meshed autograft-covered burn wounds
with lyophilized keratinocyte lysates signifi-

cantly enhances the healing of the IHCShL(l—Ul aft
interstices. Moreover, tlu keratinocyte l§s<1tt'
treatment results in wound-healing effects sim-
ilar to those of living allocultured keratinocytes.
Together with our in vitro results, this confirms
the viewpoint that allocultured keratinocyte
sheets enhance wound healing mainly through
the stimulation of resident cells and warrant
further investigations on the mechanisms and
factors mediating this effect.
DISCUSSION
The wound repair-stimulating effects of ke-
ratinocyte dll()gl aft cultures generally have
been cxpl(uncd in terms of the l)l()(lll(ll()ll of
molecular mediators by these cells. Indeed, nu-
merous growth factors and cytokines have been
reported to be synthesized by epidermal cells.
These include TGF-a, aFGF, bFGF, PDGF,
TGF-B, amphiregulin, HB-EGF, NGF, TNF-«
[L-1e, IL- 1[3 IL-6, IL-8, GM-CSF, G-CSF, and
M-CSF.?-'5 Many of these factors have important
effects on one or more stages of the wound-
healing process. Therefore, although they may
survive only temporarily on the wound bed, ke-
ratinocyte allocultures may nevertheless actively
promote the wound-healing process through
the release of the various factors mentioned
above and by providing an effective wound
cover. Eisinger et al.'® have shown that kerati-
nocyte extracts and culture supernatants in-
deed contain factors that promote keratinocyte
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proliferation and inhibit fibroblasts. Moreover,
application of these so-called epidermal cell-
derived factors to surgical wounds in pigs pro-
foundly stimulated reepithelialization. In this
study also, we have shown that keratinocyte cell
extracts contain mitogenic activity toward vari-
ous cell types implicated in the repair mecha-
nism: keratinocytes, endothelial cells, and fi-
broblasts. We have collectively called these
activities keratinocyte-stimulating factors (KSFs).
Comparison of the stimulation values obtained
with the keratinocyte cell extract with those ob-
tained with known growth factors shows that a
fourfold diluted extract stimulates the target
cells to the same extent as 2.5 ng/ml EGF or
aFGF. In interpreting this, it has to be taken into
account that the exact nature and specific ac-
tivity of the individual keratinocyte-stimulating
factors are still unknown. Moreover, the ob-
served activity is the net result of multiple fac-
tors that may interact with each other in a syn-
ergistic or antagonistic way. Apart from being
mitogenic, the extracts also were found to in-
hibit collagen contraction by human skin fibro-
blasts in vitro. This inhibition of contraction in
vitro, which also was reported by Eisinger et
al.,'® may reflect the improved cosmetic appear-
ance of wounds treated with allocultured kera-
tinocyte sheets in combination with meshed
skin autografts frequently observed in our
hands. The finding of so many different activ-
ities in a cell extractis not entirely surprising, in
view of the multitude of growth factors known
to occur entirely or partially in a cell-associated
form. This is the case for aFGF, bFGF, TGF-«,
amphiregulin, and HB-EGF. Moreover, some of
these factors are produced as precursor forms
that are physically linked to the cell surface,
possibly under a biologically active form.!”*!
Our finding that insoluble components in the
cell extract, presumably of membranous na-
ture, also contain significant keratinocyte mi-
togenic activity also points in this direction. In
terms of stability, we have shown that mitogenic
activity within the cell extracts is maintained
over prolonged time periods, even at 37°C and
in the absence of protease inhibitors. Although
this may seem surprising at first, it has been
shown that some growth factors, such as the
FGFs, are highly stabilized upon association
with heparin or similar extracellular matrix—
derived polyanions.?** In addition, limited
proteolysis by specific proteases may result in
the release of soluble growth factors from mem-
brane-bound precursors,'”* an effect that may

temporarily counterbalance proteolytic break-
down. In view of these observations, we feel that
the use of a keratinocyte cell extract, or even a
complete cell lysate, for promoting wound re-
pair is a sensible approach.

Treatment of severe burn wounds with a com-
bination of meshed skin grafts and allocultured
keratinocyte sheets is a technique that has been
used successfully for many years in our center.
On the basis of in vitro and in vivo data obtained
by ourselves and others, we have now extended
this technology one step further by using total
keratinocyte lysates instead of living cells. As
indicated by our data, 5 days after grafting, ke-
ratinocyte lysates produce closure values of the
meshed autograft interstices similar to those of
fresh cultures. In comparison with control areas
treated with meshed skin autografts only, the
lysates produce a newly formed epithelial cov-
erage thatis 50 to 90 percent higher. In all cases,
the observed effects are statistically highly sig-
nificant. In evaluating these results, it has to be
taken into account that in this study no attempt
was made to optimize the lysate treatment. In-
deed, it may be expected that the observed heal-
ing could still be improved by adaptation of the
dose, number of treatments, way of delivery,
inclusion of stabilizers, etc. The amount of mi-
togenic activity delivered to the wounds in this
study is roughly equivalent to that obtained with
30 to 60 ng of epidermal growth factor, as es-
timated from bioassay data on keratinocyte ex-
tracts. This is more within the physiologic con-
centration range for growth factors, in contrast
with the supraphysiologic concentrations of re-
combinant growth factors used in most in vivo
studies, where microgram amounts are usually
administered. The fact that we were able to
obtain significant stimulation of epithelializa-
tion with these comparatively low amounts of
mitogenic activity may have different explana-
tions. First, it appears that the growth factor
activity in the cell lysates is present in a highly
stabilized form, ensuring a prolonged effect
even with a single application. Next, there is
increasing evidence that combinations of fac-
tors, such as present in the total lysates, may be
much more clinically efficient than application
of a single factor. Also, it is possible that the
keratinocyte-stimulating factor activity detected
by in vitro assays on crude cell extracts is un-
derestimated, because the preparations also
may contain inhibitory factors or because some
factors act antagonistically in these assays. Fi-
nally, it cannot be excluded that in addition to
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growth factors, keratinocyte lysates contain
other wound repair-stimulating components.
These may include extracellular matrix mole-
cules that may promote keratinocyte adhesion
and migration, proteases that may help in de-
bridement of necrotic tissue and liberation of
cell-associated soluble growth factors, and nu-
tritional components that may provide a favor-
able microenvironment for cell proliferation by
satisfying metabolic needs.

In conclusion, the technology presented in
this paper may represent a further extension of
the keratinocyte alloculture grafting technique,
bringing it within reach of those centers which
do not have the expertise or logistics to set up
their own culturing facilities. In addition, it con-
firms some of the current views on the biologic
mechanisms by which allocultured keratino-
cytes, despite their short postgrafting survival
time, are able to promote skin wound healing.

Dr. Luc Duinslaeger

Burn Center Brussels

Bruynstraat, 1

1120 Neder-Over-Heembeek, Belgium
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