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Abstract

Introduction Autologous dermo-epidermal skin substi-
tutes (DESS) generated in vitro represent a promising
therapeutic means to treat full-thickness skin defects in
clinical practice. A serious drawback with regard to acute
patients is the relatively long production time of
3-4 weeks. With this experimental study we aimed to
decrease the production time of DESS without compro-
mising their quality.

Methods Two in vitro steps of DESS construction were
varied: the pre-cultivation time of fibroblasts in hydrogels
(1, 3, and 6 days), and the culture time of keratinocytes
(3, 6, and 12 days) before transplantation of DESS on nude
rats. Additionally, the impact of the air-liquid interface
culture during 3 days before transplantation was investi-
gated. 3 weeks after transplantation, the macroscopic
appearance was evaluated and histological sections were
produced to analyze structure and thickness of epidermis
and dermis, the stratification of the epidermis, and the
presence of a basal lamina.

Results  Optimal DESS formation was obtained with a
fibroblast pre-cultivation time of 6 days. The minimal cul-
ture time of keratinocytes on hydrogels was also 6 days. The
air-liquid interface culture did not improve graft quality.
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Conclusion By optimizing our in vitro culture conditions,
it was possible to very substantially reduce the production
time for DESS from 21 to 12 days. However, pre-cultiva-
tion of fibroblasts in the dermal equivalent and prolifera-
tion of keratinocytes before transplantation remain crucial
for an equilibrated maturation of the epidermis and cannot
be completely skipped.
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Introduction

Cultured skin substitutes have been used in both experimental
and clinical settings for over40 years [1]. Inthe global picture,
culture time was always between 3 and 4 weeks, independent
of what type of skin substitute was produced [cultured epi-
thelial autografts (CEA) alone [2-5], CEA + allografts [6]],
or cultured skin substitutes (CSS) [7, 8].

For obvious reasons, culture time does not play a
dominant role when a cultured skin substitute is trans-
planted onto a patient undergoing elective plastic or
reconstructive surgery since the patient can be called in for
the operation when the graft is ready. In contrast, culture
time does play a crucial, potentially even vital, role when
cultured skin substitutes are to be applied on acute and
massive burn patients. Therefore, a significant reduction of
culture time would represent a substantial progress. We
hypothesize that a reduction of pre-cultivation times of
both fibroblasts and keratinocytes could substantially
shorten the production time without negative effects on
graft quality. Here, we present a culture modality to tests
the above hypothesis.
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Materials and methods

Primary cell cultures

Human skin samples from scalp, eyelid, neck or foreskins
were obtained from patients aged between 4 months and

56 years (Table 1). Approval was obtained from the Ethics
Committee of the Canton Zurich and informed consent was

Table 1 Skin samples

given by parents or patients. Keratinocytes and fibroblasts
were isolated, cultured, and stored in liquid nitrogen until
needed as previously described [9].

Organotypic cultures and transplantation of cultured
dermo-epidermal composites: standard procedure

Organotypic cultures and transplantation experiments were
performed as previously published [9] with some modifi-
cations: hydrogels were prepared by mixing 0.6 ml chilled
neutralization buffer containing 0.15 M NaOH [10], 0.3 ml

Series  Cell type Donor site Donor age  Sex ~ Passage  DMEM/10 % FCS containing 40,000 fibroblasts and
Phase I: preincubation of fibroblasts 2.1 ml of rat tail collagen type I (3.2-3.4 mg/ml, BD
1 Fibroblasts Neck 2 years Male P Biosc‘iiences, Allschwil Switzerland) .into 4.2 cm” cell cul-
5 Fibroblasts Foreskin 8 years Male Pl ture inserts (BD Falcon, Basel, Switzerland [11]). After
L . . o
3 Fibroblasts Foreskin 4 years Male P2 Jelhﬁ(j,atlon (10 min at room terpperature and 2 h at 37 °C)
123 Keratinocytes Foreskin 8 years Male Pl the thickness of the de.rmal equivalents was. reduced from 7
Ph o . . to 1 mm by compression [12] and grown in DMEM/10 %
ase II: preincubation of keratinocytes ]
12 Fibroblasts Eyelid 45 years  Female Pl FCS for 1-6 days. Subseguently, keratln(?cytes were see;
. . ded onto each dermal equivalent at a density of 125 x 10°
1 Keratinocytes Eyelid 56 years Male P1 lls/em? withi ) ) . fs i di
) Keratinocytes  Eyelid 25 years  Female Pl cells/cm” wit in polypropylene rings of 5 mm in '1ameter.
After 6 h the rings were removed and culture medium was
-1d
A 1dF . o—2W _ 3d 3w
adF o 2W  3d g i
6dF = o—2 _3d i
=ik Keratinocytes
B 3dk m—0 @303 L
6dk m——Id @ 84 om W
12dK® -7d Py 12d 3 3W
Fibroblasts Keratinocytes
C 6dKir g—9 o84 _3d,rmm L
12dKeing—79 o2 ESTRX. W
Fibroblasts Keratinocytes

Fig. 1 Schematic representation of the experimental design. We
evaluated modifications of our standard protocol for the in vitro DESS
construction in three steps. a In the first part of the study, fibroblasts
were included in collagen I hydrogels and cultivated (green line) for 1
(1dF), 4 (4dF), and 6 (6dF) days before being covered by a
keratinocyte sheet (black dot). After 2 weeks (including air-liquid
culture for 3 days), DESS were transplanted (TRX) on nude rats and
grafts were removed for analysis 3 weeks post transplantation. b In
the second part of the study, fibroblasts were included in collagen I
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hydrogels and cultivated for 7 days before being covered by a
keratinocyte sheet (red dot). After further cultivation (red line) for 3
(3dK), 6 (6dK), and 12 (12dK) days DESS were transplanted (TRX)
on nude rats and grafts were removed for analysis after 3 weeks. (c) A
second set of 6dK and 12dK was treated in the same way as in b, but
they were exposed to the air-liquid interface 3 days before trans-
plantation (6dK*™" and 12dK**") while the original DESS remained
submerged
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added in the upper and lower chambers. The skin equiva-
lents were cultured for 2 weeks; 3—4 days before trans-
plantation on nude rats [9], the substitutes were raised to
the air-liquid interface.

Variations of the standard protocol: experimental
schedule

The most time-consuming steps during culturing of skin
analogs are the pre-incubation times for fibroblasts and
keratinocytes. Therefore, we focussed on whether short-
ening those periods would yield the envisioned culture time
reduction. In the first experiment, the pre-incubation time
of fibroblasts in the dermal template was modulated
(Fig. 1a). We isolated fibroblasts from foreskin or neck
skin biopsies of three different patients and cultured them
to passage 1-2. The age of the patients varied between
4 months and 2 years (Table 1). 1, 4, or 6 days before the
pre-determined date of keratinocytes seeding (green
squares) fibroblasts were included in collagen I hydrogels.
At day O (black dots), foreskin keratinocytes were applied
onto the hydrogels and cultured for 11 days. The hydrogels
were exposed to air-liquid interface 3 days before trans-
plantation (TRX).

In the second part of the experiment, the pre-incubation
time of fibroblasts in the dermal template was maintained
constant at 7 days (Fig. 1a). Thereafter, at day O (red dots)
keratinocytes were seeded on the hydrogels and incubated
for 3, 6, or 12 days before transplantation. Two sets of the
6- and 12 days series were produced. One of them was
exposed to the air/liquid interface 3 days before trans-
plantation (Fig. 1c), while the other remained submerged
(Fig. 1b). In all experiments, grafts were removed for
analysis 3 weeks after transplantation.

Fluorescein diacetate (FdA) vital cell staining

In order to visualize cell viability and homogenous epi-
dermal cell coverage of the hydrogels, FdA staining was
performed as published [13]. Briefly, from an acetone
5-mM stock solution, FdA (Sigma, Buchs, Switzerland)
was added to the culture medium in the lower and upper
chambers to a final concentration of 5 pM. After 2 min,
FdA was removed by washing twice in PBS before fresh
culture medium was applied. The substitutes were analyzed
by fluorescence microscopy.

Histology and immunofluorescence microscopy

The epidermal substitutes were prepared to produce cryo-
and paraffin sections. Histology and three-color immuno-
fluorescence stainings were performed as previously
described. For details refer to Biedermann et al. [9].

Antibodies

For the purpose of determining DESS quality, antibodies to
the following markers were applied for immunofluores-
cence stainings:

Involucrin (clone SYS5, 1:100; LabVision, P.H.Steh-
elin&CIE AG, Basel, Switzerland) is a marker for the
cornification process and is associated with the formation
of desmosomes and intermediate filaments in the granular
layer [14]. It is expressed (in homeostatic conditions) in the
granular and cornified layer. K1 (clone LHKI1, 1:200;
Chemicon) as late differentiation marker [15] is indicative
of the degree of tissue homeostasis in normal human skin,
where it is expressed in all suprabasal layers, with excep-
tion of the stratum corneum. Occludin (polyclonal, 1:50;
Zymed, Invitrogen, Basel, Switzerland) is indicative for the
formation of tight junctions in the granular layer. It rep-
resents a further confirmation of acquiring terminal func-
tionality of the epidermis. o6 integrin (clone 4F10, 1:100;
Chemicon, Millipore AG, Zug, Switzerland) is a compo-
nent of hemidesmosomes and assures the stable anchorage
to the basal lamina [16]. It is indicative for the quality of
the dermo-epidermal junction. K19 (clone RCK108, 1:100;
Dako, Baar, Switzerland) and K15 (clone spm190, 1:50;
Santa Cruz, Labforce AG, Nunningen, Switzerland) are

6dF 4dF 1dF

Before grafting

Graft at 3W
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6days 4days 1day
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Fig. 2 Modulation of the pre-incubation time of fibroblasts in DESS:
effect on graft take in vivo. a Fluorescein diacetate (FdA) staining of
one set of DESS immediately before transplantation (upper panels):
the white dotted circles denote the keratinocyte seeding area.
b Macroscopic view of the grafts 3 weeks thereafter. Scale
bars 5 mm. ¢ Graft size 3 weeks after grafting in % of the originally
transplanted DESS (mean + SD, n = 3). ***p < 0.0002

@ Springer



252

Pediatr Surg Int (2013) 29:249-256

markers for a mature basal layer and general homeostasis:
in homeostatic engineered epidermal substitutes K19-
positive cells are clustered in the stratum basale as a
subpopulation of K15-positive keratinocytes [11]. As a
secondary antibody we used FITC-conjugated polyclonal
goat F(ab’), fragments directed to mouse immunoglobulins
(Dako).

For double immunofluorescence, some of the primary
antibodies were prelabeled with Alexa 555-conjugated
polyclonal goat F(ab’), fragments, according to the
instructions of the manufacturer (Zenon Mouse IgG
Labeling Kit, Molecular Probes, Life Technologies, Zug,
Switzerland).

Statistical analysis

The thickness of epidermis and stratum corneum as well as
the graft size was measured in three different representative
areas. All results are reported as mean =+ standard devia-
tion. Statistical analysis was performed with GraphPad

Fig. 3 Expression of structural

markers for advanced epidermal
histogenesis. a Eosin/ A
Hematoxylin-stained paraffin

sections of 6dF, 4dF, and 1dF-

DESS 3 weeks after

transplantation. b/ basal layer

(arrow), sp stratum spinosum,

sg stratum granulosum, sc

stratum corneum.

b Immunofluorescence double

staining of cryosections with B
antibodies against cytokeratin

K1 (green) and involucrin (red),

¢ occludin (green), and integrin

a6 (red), or d cytokeratin K15

(green) and K19 (red). Scale bar

for all panels 100 pm
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Prism 4.0 (Graph Pad software, La Jolla, CA, USA).
Comparison between two groups was performed using the
unpaired Student’s ¢ test. Results were considered signifi-
cant with a p < 0.05.

Results
Fibroblasts pre-cultivation time

Immediately before transplantation we verified the pres-
ence of an epidermis via FdA staining. Figure 2a shows the
staining of the second series of substitutes (Table 1).
Similar results were obtained with series one and three:
keratinocyte proliferation was more pronounced on the
hydrogels which were conditioned by fibroblasts for 6 days
(6dF): the whole surface of the gels was homogeneously
covered (Fig. 2a, left panel), starting from a circle of
0.96 mm in diameter in the center of the dermal template
(dotted circle). A shorter pre-incubation of the fibroblasts
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of 4 days (4dF) or 1 day (1dF) was less supportive for
keratinocyte proliferation (middle and right panel).

Three weeks after transplantation (Fig. 2b), the 6dF-
DESS looked macroscopically more developed and the
presence of the hydrophobic stratum corneum was clearly
visible (left panel). Correspondingly the measurement of
the graft area showed that 87 £ 16 % of the original graft
size was maintained (Fig. 2c). In contrast, in 4dF and 1dF-
DESS the graft area was reduced to 35 &= 17,and 6 £ 5 %,
respectively (Fig. 2c¢).

Histological analyses confirmed in 6dF-DESS the for-
mation of a stratified epidermis, which consisted of a
stratum basale (sb), 12-20 suprabasal layers comprising
stratum spinosum (ss) and stratum granulosum (sg), and a
well-differentiated anuclear stratum corneum (sc, Fig. 3a).
In 4dF-DESS, the epidermal thickness was reduced (mid-
dle panel). In 1dF-DESS, no epithelium was found (right
panel).

Stratification markers in engineered DESS

As a complement to the morphological analysis, we veri-
fied the presence of some protein expression markers which
are indicative for the grade of homeostasis of an engineered
epidermal substitute.

We found involucrin expression (Fig. 3b, red stain) in
the stratum spinosum of the substitutes, indicating a still
ongoing differentiation process in 6dF-DESS (Fig. 3b,
left). The thinner epidermis in 4dF showed a similar
expression pattern (Fig. 3b, center). No involucrin
expression was found in the in 1dF (Fig. 3b, right).

Both 6dF and 4dF showed a strong expression of K1
(Fig. 3b, green stain, left and center) in all suprabasal
layers, with exception of the cornified envelope. In 1dF,
only few Kl-expressing epithelial cells were visible
(Fig. 3b, right).

Occludin (Fig. 3c, green) was expressed in the upper
stratum granulosum of 6dF and 4dF (left and center), but
absent in 1dF (right). Integrin o6 staining (Fig. 3c, red)
demarcated the dermo-epidermal junction in 6dF and 4dF,
but was not visible in 1dF.

Figure 3d shows that in 6dF and 4dF, but not in 1dF,
K19-positive cells (red), are present in the basal layer as a
subpopulation of K15-positive keratinocytes (green).

Keratinocyte pre-cultivation time

The second step of DESS generation consisted in the
seeding of keratinocytes on the pre-cultivated hydrogels.
We now varied the incubation time of keratinocytes on the
dermal substitutes (and so the degree of pre-stratification of
the graft) before transplantation while the pre-cultivation
time of the fibroblasts in the gels was maintained identical

(Fig. 1b). Figure 4a illustrates the macroscopic overview
of the two series of DESS 3 weeks after transplantation.
The DESS generated with a 3 day keratinocyte (3dK) pre-
cultivation time (left panels) do not show a hydrophobic,
dry cornified surface. In contrast, the skin analogs formed
with a 6 day (6dK) keratinocyte pre-cultivation time show
a cornified surface (center). Importantly 12 day (12dK)
pre-cultivation of DESS did not improve the outcome:
blood vessels were locally visible under the substitute
(right panels, arrow) indicating a reduced epidermal
thickness. Figure 4b statistically illustrates the measured
size of the substitutes, pictured in Fig. 4a.

Fekk

Graft take (%)
3

Series 1

Series 2

Fig. 4 Variation of the incubation time of keratinocytes on the
dermal substitutes before transplantation: effect on graft take and
stratification in vivo. a Macroscopic view of the grafts 3 weeks after
transplantation. Both series of substitutes (refer to Table 1) are
shown. Scale bar 5 mm. b Size of the transplanted DESS 3 weeks
after grafting. Both series are included in the mean (mean + SD,
n =6). ¥***p <0.0001, ns not significant. ¢ Eosin/Hematoxylin-
stained paraffin sections of 3dK, 6dK, and 12dK-DESS 3 weeks after
transplantation. The asterisk in 12dK of series 1 indicates a technical
artifact. Scale bar 50 pm
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H/E staining of 3dK confirmed the presence of a thin
epidermal coverage in some areas, while in other areas no
epidermis was found (Fig. 4c, left). 6dK produced a stra-
tum corneum and numerous keratinocyte layers (middle
panels). 12dK showed a similar result, yet the thickness of
the epidermis was reduced (right).

Relevance of the air/liquid interface cultivation
for transplantation

The second set of 6dK and 12dK was raised to the air—
liquid interface 3 days before transplantation (6dK™" and
12dK*" in Fig. 1c).

The graft size obtained from 6dk and 6dK™", respec-
tively, was similar in the first experimental series (75 £ 2
vs. 74 + 3 %) and slightly different in the second (52 + 5
vs. 78 £1 %, p=0.0188) (Fig. 5a). The epidermal
thickness was generally reduced in 6dK™* (192 £ 18 vs.
165 £ 38 pum, not statistically significant) but the cornifi-
cation was more pronounced (38 £ 11 to 73 + 27 pm,
p = 0.0001) (microscopic view in Fig. 5b, and statistical
analysis in Fig. 5c).

The graft sizes obtained from 12dk and 12dK*" were
different: 52 &+ 7 vs. 96 &= 3 % (p = 0.0001) in the first
series and 64 &+ 7 vs. 88 £ 4 % (p = 0.0013) in the sec-
ond (Fig. 5d). The epidermal thickness was similar in 12dK

6dK - air B
100 - +air S R

e *
= 751
[:F]
5 01
&
S 254 =
o +air

0 T T T T _

Series 1 Series 2 S =
Series 1
D - air E
12dK ) +air
100 -« *kk *%

;:é- 75 4
£ w0
3
§ 21
o

0 T T T T

Series 1 Series 2

Seri.es 1

Fig. 5 Effect of air-liquid interface cultivation of DESS on graft take
and stratification in vivo. a, d Size of the 6dK and 12dK (white) and
6dK™™" and 12dK*™™" (grey) grafts 3 weeks after transplantation
(mean + SD, n = 3). Both experimental series are shown. b, e Eosin/
Hematoxylin-stained paraffin sections of air-exposed (+4air) and non-
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and 12dK*" (88 + 3 vs. 77 & 11 pum, not statistically
significant, Fig. 5f compares 5d) but again, the cornifica-
tion was more pronounced in 12dK*" (27 + 6 vs.
95 £ 4 pm, p = 0.0001) (microscopic view in Fig. 5e, and
statistical analysis in Fig. 5f).

Stratification markers in air-exposed DESS

Immunofluorescence analysis of the expression pattern of
stratification markers confirmed the high quality of both
air-exposed and non-air exposed DESS. No difference in
the expression pattern of K1/involucrin (Fig. 6a), occludin/
integrin-a6 (Fig. 6b), and K15/K19 (Fig. 6¢) is apparent.

Discussion

The principal goal of this study was to test whether the
culture time for human cell-derived DESS can be signifi-
cantly reduced when compared to standard procedures
commonly used in our laboratory. The findings obtained
clearly demonstrate that it is possible to markedly reduce
the current culture time from 21 to 12 days. Hereby, the
main gain was attributable to a significant shortening of the
incubation time of keratinocytes on the dermal template
before transplantation, i.e. from 14 to 6 days.

C 6dK
= 0 250 - air
E 'E‘ = +air
g é,t 200
o
O 5
5 @ 150
W b
2 8 100 F*
cy
X
89 5
£ ml
'—
0 - - - —1
e Epidermis  Str. corneum
Series 2
mm F 12dK
i 250 - air
E Py ) +air
5 & 200
:E —
& § 1501
s 2
2 S 100 sk
w _—
= g5 r
o S6 501
X . ]
T e Epidermis  Str. corneum

Series 2

air exposed (—air) 6dK and 12dK 3 weeks after transplantation. Scale
bar = 50 pm. ¢, f Thickness of the obtained air-exposed and non-air
exposed 6dK and 12dK in pm (entire epidermis and stratum corneum
only, mean + SD, =n=3). **p <0.0001, **p <0.0013,
*p < 0.0188
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+air

-air

Fig. 6 Stratification markers in air-exposed 6dK-DESS. a Immuno-
fluorescence double-staining of cryosections with antibodies against
K1 (green) and involucrin (red), b occludin (green) and integrin a6
(red), or ¢ K15 (green) and K19 (red). Scale bar for all panels 50 um

How can this significant reduction of incubation time be
explained? We speculate that the specific cell biology
dynamics of keratinocytes in culture (as opposed to
keratinocytes residing in their natural habitat) play a role.
For a more detailed understanding, we provide a descrip-
tion of our current culture system and the key phenomena
observed during DESS formation: once isolated and cul-
tured, keratinocytes are seeded onto collagen hydrogels
(=dermal templates). Then, keratinocytes start to prolifer-
ate and migrate horizontally to form a confluent layer on
the top of the dermal template. Subsequently, the ongoing
cell proliferation leads to formation of a multilayer that
starts to stratify. Once the in vitro construct is raised to the
air-liquid interphase, cornification gradually develops.

The above described processes typically last for 14 days.
Thereafter, our constructs are transplanted and usually pro-
duce an anatomically and functionally near normal skin [9].
We also know that if DESS incubation time is significantly
lengthened toe.g. 21 days, quality and transplantation results
are still satisfactory. If, however, DESS incubation time is
further prolonged to 28 days or more, then we increasingly
observed degenerative features ultimately leading to massive
cell death and complete loss of DESS viability.

In other words, the above mentioned evolution can roughly
be described as an in vitro DESS life cycle comprising a

“juvenile” (<14 days), a “mature” (14-21 days), and a
“senile” phase (>21 days).

The findings presented here clearly indicate that
“juvenile” and not only “mature” DESS already have the
potential to induce near normal skin after transplantation,
i.e. following only 6-day-long incubation time. Appar-
ently, the 3—4 layers present at 6 days are sufficient to
generate a normal epidermis after transplantation, i.e.
there is no need to use “mature” DESS for a successful
transplantation.

In this respect, it was important to test the relevance of
raising DESS to the air-liquid interface before transplan-
tation. Air-liquid interface culturing is one of the most
important improvements of the last decades in the pro-
duction of skin analogs. It was shown to induce stratifica-
tion and cornification of the newly formed epidermis [17].
Nevertheless, we demonstrate here that for the purpose of
transplantation this “maturation” step may be skipped,
presumably for the same reasons as mentioned before.

To our knowledge, there is no information available
regarding significantly shortened culture times for similar
skin substitutes. The product most closely related to our
DESS, the commercially available Apligraf®, uses allo-
geneic fibroblasts and keratinocytes. The allogeneic spec-
ification makes it possible to completely avoid any waiting
time for the patient. Yet its production requires 20 days
[18, 19].

Other approaches drastically reduce or even skip in vitro
cultivation: starting from a small split-thickness skin
biopsy, cell suspensions are applied onto the wound bed
after 5 days of culturing or immediately after preparation
(ReCell®) [20]. Yet, this strategy is definitely not appro-
priate to treat third degree burns and, generally speaking,
its place in clinical practice is still controversial.

The last consideration regards the fibroblast pre-incu-
bation time. We could only realize a minor gain of 1 day
with the reduction of the fibroblast pre-incubation time
before seeding keratinocytes. As a matter of fact, the
minimal duration of this phase is critical for correct DESS
development. The presence of fibroblasts in the dermal
template of DESS has been shown to be crucially important
[21-23]. Fibroblasts remodel the collagen hydrogel, pre-
pare the formation of a basal lamina and the anchorage of
epithelial cells, secrete growth factors, and finally sustain
epidermal regeneration [24]. To fulfill these tasks, fibro-
blasts need a defined minimal amount of time. It is gen-
erally assumed that raising the number of fibroblasts in the
gel would accelerate the organization of the dermal tem-
plate [25], but this acceleration may also be accompanied
by abundant production of granulation tissue and wound
contraction, both of which are unwanted effects [26].
Therefore, we believe that the fibroblast pre-incubation
time cannot be significantly shortened.
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In summary and conclusion, this appears to be the first
article to describe a very substantial shortening of the
production time for laboratory grown human skin substi-
tutes from 21 to 12 days without an obvious loss of graft
quality. Our study may have important clinical implica-
tions in that a marked reduction of waiting time until
autologous skin substitutes are ready for transplantation
can definitely improve the fate of burn patients.
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