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ABSTRACT

Cultured epithelial autografts (CEAs) produced froma small, healthy skin biopsy represent a lifesaving
surgical technique in cases of full-thickness skin burn covering >50% of total body surface area. CEAs
also present numerous drawbacks, among them the use of animal proteins and cells, the high fragility
of keratinocyte sheets, and the immaturity of the dermal-epidermal junction, leading to heavy cos-
metic and functional sequelae. Toovercometheseweaknesses,wedevelopedahumanplasma-based
epidermal substitute (hPBES) for epidermal coverage in cases of massive burn, as an alternative to
traditional CEA, and set up critical quality controls for preclinical and clinical studies. In this study,
phenotypical analyses in conjunction with functional assays (clonal analysis, long-term culture, or
in vivo graft) showed that our new substitute fulfills the biological requirements for epidermal regen-
eration. hPBES keratinocytes showed high potential for cell proliferation and subsequent differenti-
ation similar to healthy skin compared with a well-known reference material, as ascertained by
a combination of quality controls. This work highlights the importance of integrating relevant multi-
parameter quality controls into the bioengineering of new skin substitutes before they reach clinical
development. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:643–654

SIGNIFICANCE

This work involves the development of a new bioengineered epidermal substitute with pertinent
functional quality controls. The novelty of this work is based on this quality approach.

INTRODUCTION

Burns, including superficial and severe cases, con-
stitute amajor public health concernwith high in-
cidence (11 million people required medical
attention for burns in 2004 [1]) and related costs
of care. Despite significant improvements in
terms of lethality, severe burns (with an annual
incidence of 0.2 to 2.9 per 10,000 inhabitants
of Europe) are usually the cause of substantial
functional, cosmetic, and psychological se-
quelae [2]. In cases of full-thickness burns of
.1 cm in diameter [3], burned tissues are
excised as soon as possible to remove heat-
induced toxic lipid-protein complexes [4], creat-
ing a loss of tissue that needs to be replaced
[5]. Classical therapeutic approaches rely on
split-thickness skin autografts, considered the
gold standard treatment, which allow efficient
wound coverage and functional results. In cases
of massive burns, when unburned donor sites
are too restricted to allow autograft harvesting,

surgeons must consider alternative techniques
for replacement of burned areas.

Other skin-coverage strategies should be con-
sidered, including combining skin autografts or
allografts for dermal regeneration as a first step
and subsequent permanent epidermal grafts as
a second step, consistingof autologous treatment
by split-thickness autografts or tissue-engineered
epidermal substitutes. Cultured epithelial auto-
grafts (CEAs) have been used since the 1980s
and are considered the only alternative when
split-thickness autograft strategies are not feasi-
ble (usually for burn surfaces .50% of the total
body surface area). CEAs consist of a cultured im-
mature epidermis generated with autologous
keratinocytes on a murine fibroblast feeder layer
that forms sheets harvested enzymatically before
grafting, as initially described by Rheinwald and
Green [6]. This original model is still widely used
by burn centers with successful results in full-
thickness burns in terms of survival and perma-
nent coverage [7–10]. Even if this methodology
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has proven its success, it has yet to reach the functional recovery
obtained with autografts. The main weaknesses reported are
poor dermal-epidermal junction maturation, fragility, use of ani-
mal proteins and/or cells in the culture process, and variable
grafting efficiency [11–15]. In addition, this technique does not
restore all of the functionality of healthy skin, and the reformed
skin usually lacks lubrication, temperature regulation, sensitivity,
and pigmentation [16]. Consequently, researchers are now focus-
ing on whole-skin substitutes containing not only epidermis but
also functional dermis. Ultimately, skin grafts may contain all
the different components of native skin including nerve cells or
appendages [17].

Retrospective clinical studies showed variable grafting effi-
ciency, with graft-take surfaces varying from 0% to 100% [8, 13,
18, 19]. In addition to clinical aspects, it is of great importance
to improve and standardize the biological characteristics of bio-
engineeredgrafts. There is a lackof comparative studies analyzing
the processes and results obtained in different cell therapy cen-
ters. Furthermore, there is nouniversal standard concerningqual-
ity controls suitable for the qualification of a CEA before grafting.
The functionality of grafted keratinocytes is critical, particularly
their ability to adhere and anchor in the dermis, creating a new
dermal-epidermal junction; to proliferate and differentiate in
a well-organized pluristratified epidermis; and to migrate to re-
epithelialize burned areas. Moreover, maintenance of functional
stem and progenitor cell compartments within grafts is critical to
ensure long-term epidermal homeostasis. Preservation of all of
these characteristics may limit the variability of graft take. Func-
tional assays such as clonogenic studies, long-term cultivation, in
vitro stratification, or in vivo regeneration are relevant ways to
further evaluate the presence of stem cells in epidermal substi-
tutes [20, 21].

Another aspect of the skin-bioengineering domain concerns
thematrix, or support, used to generateepidermal grafts. Accord-
ing to the original method of Rheinwald and Green, epidermal
sheets are cultivated on a plastic surface. Matrices of fibrin
obtained from purified fibrinogen have been introduced into
the process in an attempt to improve the quality and grafting po-
tential of the bioengineered epidermis [22, 23]. The proof of con-
cept of fibrin for clinical interest was shown in different reports
suggesting a gain in improvement of the dermal-epidermal junc-
tion with favorable graft-take efficiency [24, 25]. Despite increas-
ing interest, the impact of fibrin on keratinocyte biology remains
to be elucidated. More recently, clotted human plasma has been
used instead of purified fibrinogen and has great potential as
a skin matrix in vivo in animals [26, 27] and in human patients
[28, 29]; however, to our knowledge, neither in vitro nor in vivo
evaluation of plasma-based fibrin epidermal substitute is de-
scribed in the literature.

In this report,wedescribe aprocess for culturing an immature
epidermis that is able to reach final stratification once placed in
physiological conditions and leads to a functional epidermal graft.
The specificity of this work is in the integration of different levels
of quality controls for the potency and identity of epidermal sub-
stitutes. We demonstrated the proof of concept that our new
plasma-based epidermal substitute allows for good regeneration
in a mouse model, and then we demonstrated that the clonoge-
nicity and the regenerative potential of our epidermal substitute
are in apromising range, using functional assays andphenotypical
analyses promoting the standardization of the bioengineering
process.

MATERIAL AND METHODS

Study Design

Wedevelopedahumanplasma-basedepidermal substitute (hPBES)
relevant for clinical third-degree burn treatment. hPBESs obtained
from two different donors were grafted on acute wounds in NOD-
SCIDmice toassessgrafting capacity (Fig. 1). The in vitro culturepro-
cess for hPBES was controlled by four keratinocyte donors using
long-term cell cultivation, clonal analysis, histology, immunohisto-
chemistry (IHC), and in vitro stratification. As an in vitro control,
we used Epicel (Genzyme, Boston, MA, http://www.genzyme.
com), the CEA medical gold standard, from four patients.

Isolation and Culture of Skin Cells

Skin biopsies were obtained from female patients undergoing
breast-reduction surgeries after informed consent. Skin pieces
were incubated overnight at 4°C in an enzymatic solution of
1.8 IU/ml dispase II (Roche, Basel, Switzerland, http://www.
roche.com) and 0.0625% trypsin (Biochrom, Cambridge, U.K.,
http://www.biochrom.co.uk). Epidermis pieces were separated
from dermis using forceps and further digested in 0.05%
trypsin/EDTA (Gibco; Thermo Fisher Scientific, Waltham, MA,
http://www.lifetechnologies.com/us/en/home/brands/gibco.html).
The dermal tissuewas digested in 2.4 IU/ml dispase II and 2.4mg/ml
collagenase II (Gibco; Thermo Fisher Scientific).

Fibroblastswere amplified inDulbecco’smodified Eagle’sme-
dium (Gibco; Thermo Fisher Scientific) supplemented with 5%
platelet lysate [30], 10 mg/ml ciprofloxacin (Bayer HealthCare
Pharmaceuticals, Berlin, Germany, http://pharma.bayer.com),
and 10 IU/ml heparin Choay (Sanofi, Paris, France, http://en.
sanofi.com). Cultureswere incubated at 37°C in a fully humidified
atmosphere containing 5%CO2. At 80%of confluence, fibroblasts
were either replated using 0.05% trypsin/EDTA, frozen in liquid
nitrogen, or irradiated with a 60-Gy dose of gamma rays to be
used as a growth-arrested feeder layer for keratinocyte culture.

Keratinocytes were cultured in a medium described previ-
ously [21]. Primary keratinocytes were plated at a density of
2,400 cells per cm2 on growth-arrested fibroblasts (plated 4–
12 hours earlier at 20,000 cells per cm2). Before reaching 70%
keratinocyte confluence, the remaining fibroblastswere removed
from the flasks by flushing, and keratinocytes were detached
from plastic with 0.017% and 0.05% trypsin/EDTA, respectively.

Epidermal Substitutes

hPBES

Fresh frozen human plasmawas collected at the Centre de Trans-
fusion Sanguine des Armées (Clamart, France) from 10 donors
that were biologically qualified in accordance with French legisla-
tion and pooled. A solution of pooled plasmamixedwith 4.68mg/
ml sodium chloride (Fresenius, Bad Homburg, Germany, http://
www.fresenius.com), 0.8 mg/ml calcium chloride (Laboratoire
Renaudin, Itxassou, France), and 0.39 mg/ml Exacyl (Sanofi)
was left to polymerize at 37°C for a minimum of 3 hours.

After plasma-based fibrin polymerization, growth-arrested
fibroblasts and then keratinocytes were plated at the same den-
sity as for the primary culture. After 14 days of culture, epidermal
substitutes were analyzed directly through colony-forming effi-
ciency (CFE) assay, clonal microculture assay, or histology and
IHC analyses; grafted in vivo after ,10 hours of transport; or

644 A Human Plasma-Based Epidermal Substitute

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE

http://www.genzyme.com
http://www.genzyme.com
http://www.roche.com
http://www.roche.com
http://www.biochrom.co.uk
http://www.lifetechnologies.com/us/en/home/brands/gibco.html
http://pharma.bayer.com
http://en.sanofi.com
http://en.sanofi.com
http://www.fresenius.com
http://www.fresenius.com


directly subjected to a stratification assay (placed at an air-liquid
interface using Transwells; EMD Millipore, Billerica, MA, http://
www.emdmillipore.com).

Control Epidermal Substitute

Redundant Epicel (Genzyme) keratinocyte sheets were provided
by the Percy Hospital burn unit, with informed consent from fam-
ily of burned patients receiving this exceptional treatment (we
collected superfluous Epicel substitutes from four donors over
2 years). Epicel substitutes had traveled from the U.S. and were
studied within producer-specified time limits.

In Vivo Animal Model

All procedureswere carried out under a protocol approved by the
ethics committee of “Paris Sud” University no 26. NOD/SCID
mice were anesthetized via intraperitoneal injection of xylazine

(6 mg/kg; Bayer HealthCare Pharmaceuticals) and ketamine
(80 mg/kg; Virbac, Carros, France, http://www.virbac.com). hPBESs
were cut to 1.21 cm2 to obtain a final size of 1 cm2 after retraction,
graftedonfull-thicknesswoundsof1cm2onthebackofeachmouse,
and protected by a silicon device (Interchim, Montluçon, France,
http://www.interchim.com) [31]. Silicon protectionwas left in place
until day 21 after grafting, when all animals were sacrificed with an
overdose of anesthetics after sedation, according to the French in-
stitutionalanimalguidelines.hPBESsfromtwodifferentdonorswere
evaluated in vivo. Ten NOD-SCID mice were used per donor. All
experiments and housing were performed under aseptic conditions.
Woundswereexcisedand fixed in formalin for histologypreparation.

Growth Factor Quantitation and CFE Assay

Matrices of plasma-based fibrin or purified fibrinogen (final solu-
tion of 1.5 IU/ml thrombin and 9 mg/ml fibrinogen; Tissucol;

Figure 1. Human plasma-based epidermal substitute culture process and evaluation strategy at critical points. Abbreviations: hPBES, human
plasma-based epidermal substitute; IHC, immunohistochemistry; P, passage.
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Baxter, Deerfield, IL, http://www.baxter.com) were immersed
for 1 day in culture medium before medium collection. Growth
factor concentration in media with or without matrix was eval-
uated by protein multiplex quantitation by Quantibody array
(Tebu-Bio, Le-Perray-en-Yvelines, France, http://www.tebu-
bio.com). For CFE evaluation, keratinocytes from 3 donors were
plated at low densities (1,000 after extraction from epidermal
substitute or 200 in primary culture) in 60-cm2 petri dishes
coated with collagen I (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com) on a growth-arrested murine 3T3-
NIH feeder layer (60,000 cells per cm2). Keratinocytes were
grown over 12 days in culture medium alone or complemented
with growth factors: granulocyte colony-stimulating growth fac-
tor (G-CSF) at 3.1 pg/ml (R&DSystems,Minneapolis,MN, http://
www.rndsystems.com), platelet-derived growth factor-BB
(PDGF-BB) at 23.6 pg/ml (R&D Systems), hepatocyte growth fac-
tor (HGF) at 4.5 pg/ml (PeproTech, Rocky Hill, NJ https://www.
peprotech.com), interleukin 1a (IL-1a) at 2.2 pg/ml (Pepro-
Tech), or IL-6 at 6.1 pg/ml (R&D Systems). Colony surface area
was measured using ImageJ freeware (NIH, Bethesda, MD,
http://imagej.nih.gov/ij/).

Clonal Microculture Assay

Microcultures were performed in 96-well plates coated with
collagen I (Biocoat; Becton-Dickinson, Franklin Lakes, NJ,
http://www.bd.com), as previously described [21]. The day be-
fore keratinocyte plating, growth-arrested fibroblasts were
plated at 6,000 cells per cm2 in microculture wells. Single ker-
atinocytes (primary keratinocytes, expanded keratinocytes, or
keratinocytes extracted from epidermal substitutes) were de-
posited automatically in individual microwells using a flow
cytometer coupledwith a Cyclon automatic cell-deposition unit
(MoFlo, Cytomation; Beckman Coulter, Pasadena, CA, https://
www.beckmancoulter.com), with a sort droplet envelope be-
tween 1/2 and 5. In order to control the cell-deposition pro-
cedure in every independent experiment, additional single-
cell plating was performed in series of microwells filled with
phosphate-buffered saline containing 10 mg/ml Hoechst
33342 (Sigma-Aldrich). Staining of cell nuclei with Hoechst en-
abled counting of keratinocytes effectively deposited in mul-
tiple control wells under ultraviolet light with an inverted
fluorescencemicroscope. Plating efficiency routinely exceeded
70% of wells filled with single keratinocytes. Two-cell wells
were rarely observed (,1%). For size quantification of individ-
ual clones, clones were trypsinized individually, and keratino-
cytes were counted manually using a Malassez chamber after
2 weeks of culture.

Long-Term Growth

Keratinocytes extracted fromhPBESs and Epicelwere serially pas-
saged, as described previously [21]. Briefly, cells were plated at
1,000 cells per cm2 in 25-cm2 culture flasks coated with collagen
I (Biocoat; Becton-Dickinson). Before reaching 70%of confluence,
keratinocyteswere trypsinized, counted, and replatedatadensity
of 1,000 viable cells per cm2 until growth capacity was exhausted.
The cumulative number of population doublings (PDs) was calcu-
lated as follows: PD = (log N/N0)/log2. N0 represents the number
of plated cells, and N represents the number of cells obtained af-
ter each culture step.

Histology and IHC

Samples were rinsed, fixed with buffered 4% formalin (Labonord,
Templemars, France, http://www.labonord.com) for 1 day and
then dehydrated with a graded series of ethanol treatments be-
fore paraffin embedding. Paraffin sections of 5-mm thickness
were dried, deparaffinized, and stained with hematoxylin, phlox-
ine, and safranin.

For immunohistochemistry, paraffin sections of 5-mm thick-
ness were dried and deparaffinized. Antigen retrieval was
achieved differently depending on the antibody used (Table 1).
endogenous peroxidases were blocked with 3% H2O2 (Dako,
Glostrup, Denmark, http://www.dako.com). Sections were then
incubated at room temperature for 30minuteswith primary anti-
bodies (Table 1). The following steps were performed using the
LSAB2 kit (Dako) with a Dako autostainer instrument.

The percentages of human and mouse epidermal coverage
were obtained by measuring the new epidermis (stained or not
with integrin-b1 antibody specifically against human epitope)
formed on acute wounds:

Percentage of human re-epithelialization

¼ Stained re-epithelialized wound length

Total wound length

Percentage of mouse re-epithelialization

¼ Unstained re-epithelialized wound length

Total wound length

Ki-67 proliferation index and keratin 19% were obtained by
counting stained cells in basal keratinocytes on 8 randomly cho-
sen fields of ahistology section for eachdonor of hPBESandEpicel
(magnification 320).

Vimentin and integrin-b1-stained areas were measured
using Fiji freeware (Fiji Project, http://fiji.sc/Fiji). Stainings with
3,39-diaminobenzidine (DAB) and hematoxylin were separated
using color deconvolution on 8 randomly chosen fields (magnifi-
cation320). Areas of both DAB and hematoxylin in keratinocyte
layers were measured.

Percentage Marker ¼ DAB-stained area

Hematoxylin-stained area
3100

Mean percentage of markers for each donor was graphically
represented with the median.

Statistical Analysis

Statistical analysis was achieved using GraphPad Prism software
(GraphPad, San Diego, CA, http://www.graphpad.com). Data on
CFE assays were analyzed using two-way analysis of variance or
t tests for comparison with the effect of medium alone. Mann-
Whitney tests were used to compare four donors of hPBES with
four donors of Epicel for IHC quantifications.

RESULTS

hPBES Is Able to Regenerate a Fully Differentiated
Epidermis While Retaining its Stemness and
Proliferation Potential After 3 Weeks In Vivo

We developed a new epidermal substitute for clinical burn treat-
ment with human keratinocytes and fibroblasts on a matrix
basedonhumanplasma. The culture process, starting fromapa-
tient skin biopsy, requires 6–10 days of patient keratinocyte
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amplification on growth-arrested human dermal fibroblasts
from our cell bank and then 14 days of epidermal substitute for-
mation on a plasma-based matrix (Fig. 1). We decided to inves-
tigate the regenerative potential of our hPBES in an in vivo
model of acute wounds in NOD-SCID mice. At 11 (data not
shown) and 21 days (Fig. 2A) after grafting, newly formed epi-
dermis of pearly pink aspect with fine wrinkles could be clearly
distinguished macroscopically in hPBES-grafted zones com-
paredwith thewhite surroundingmice epidermis.We observed
hPBES graft take on the totality of the 20 mice grafted with
hPBES (2 donors tested). Histologically, we observed the com-
plete stratification of human keratinocytes, forming several
layers up to the stratum corneum and showing signs of desqua-
mation. Nonetheless, a well-organized basal layer with cuboidal
keratinocytes was observed, as expected in a healthy epidermis
(Fig. 2B).

We further characterized this new epidermis by immunohis-
tochemistry. We demonstrated the human origins of the kerati-
nocytes composing this new epidermis, with an antibody specific
for human integrin-b1 (supplemental online Fig. 1). Human and
mouse re-epithelialization was quantified based on integrin-b1
expression at 11 and 21 days after grafting. The percentage of
new mouse epidermis remained stable between days 11 and
21,whereas thepercentageofhumanepidermis increased, show-
ing that complete re-epithelialization was achieved mainly by
human keratinocytes from hPBES at day 21 (Fig. 2C). We charac-
terized the newly formed human epidermis resulting from
hPBES graft by immunohistochemistry. At 21 days after grafting,
basal keratinocytes expressed integrin-b1 in a pattern similar to
healthy mature skin (Fig. 2D). Stem cells expressing keratin 19
were noticed in the basal layer 3 weeks after grafting (Fig. 2E).
Similarly, proliferating cells (Ki-67) could be noticed in basal ker-
atinocytes (Fig. 2F). Dermal-epidermal junction proteins, such as
collagen IV (Fig. 2G), laminin 5 (Fig. 2H), and perlecan (Fig. 2I),
were deposited along the keratinocyte basement membrane
on the mouse granulation tissue. The differentiation pattern
was close to normal skin, with keratin 10 expressed in all supra-
basal layers (Fig. 2J), involucrin becamemore andmore restricted
to the external layers (Fig. 2K), and filaggrin was restricted to the
superficial layers (Fig. 2L).

These results show that hPBES has the regenerative potential
to stratify andmaintain a fully differentiated epidermiswith char-
acteristics close to healthy skin at 3 weeks after grafting.

Plasma-BasedMatrix Releases Growth Factors Involved
in Keratinocyte Clonogenicity Enhancement

After validating the ability of hPBES to regenerate an epidermis
and to ensure an engraftment process in vivo, we evaluated
the advantages brought by the plasma-based fibrin in terms of
clonogenicity in vitro. We extracted the keratinocytes from epi-
dermal substitutes cultivated on plasma-based fibrin (hPBES),
on fibrin from purified fibrinogen, or without matrix support
and evaluated their CFE (Fig. 3A). We observed no variation in
the number of large colonies, whereas a higher total CFE percent-
age (CFE%) for keratinocytes extracted fromhPBES (4.1%)wasob-
served compared with total CFE% from condition without matrix
(2.8%) or from fibrin of purified fibrinogen (1.6%).We then inves-
tigated whether the presence of plasma factors contained in
plasma-based fibrin could explain these differences. We showed
that G-CSF, PDGF-BB, HGF, IL-1a, and IL-6 were released in the
culture medium after 1 day of submersion of plasma-based ma-
trix, whereas none of these factors were released by fibrin from
purified fibrinogen (except for IL-6 used in further experiments as
a control) (Fig. 3B). We further investigated whether these con-
centrations of growth factors had an effect on keratinocyte CFE
and could explain the difference observed in Figure 3A. We dem-
onstrated that HGF increased keratinocyte total CFE by 1.22 fold
(p = .235, n = 3). The release of this factor could partially explain
the relatively greater CFE% of keratinocytes from hPBES than
from epidermal substitutes with no matrix. Moreover PDGF-BB
(p = .231, n = 3), HGF (p = .021, n = 3), IL-1a (p = .122, n = 3),
and IL-6 (p = .181, n = 3) slightly increased themean area for each
clone. These results show that using our human plasma-based
matrix instead of fibrin from purified fibrinogen or no matrix is
favorable for keratinocyte clonogenicity.

Follow-up of Keratinocyte Clonogenic Potential
Throughout the hPBES Bioengineering Process

Our investigations of clonogenicity of hPBES were deepened us-
ing a clonal microculture assay compared with an epidermal clin-
ical reference: Epicel. KeratinocyteCFEwas characterized at three
critical steps of the hPBES bioengineering process leading to pro-
duction of that epidermal substitute. Analysis performed on ker-
atinocytes freshly extracted from native skin samples provided
a quality control for this initial cellular material (Fig. 4A). Next, es-
timation of CFEwas performed after the step of two-dimensional

Table 1. Antibodies and antigen retrieval

Antibody Clone Source Antigen retrieval

Anti-human keratin 5/6 D5/16 B4 Dako, Glostrup, Denmark Target retrieval solution, pH 9 (Dako) at 98°C for 20 minutes

Anti-human keratin 10 DE-K10 Dako, Glostrup, Denmark

Anti-human vimentin V9 Dako, Glostrup, Denmark

Anti-human perlecan A74 Abcam, Cambridge, U.K.

Anti-human laminin 5 P3H9-2 Abcam, Cambridge, U.K. 1 mg/ml Pronase (Sigma-Aldrich, St. Louis, MO, USA) at 37°C
for 10 minutesAnti-human collagen IV CIV22 Dako, Glostrup, Denmark

Anti-human Ki-67 MIB-1 Dako, Glostrup, Denmark Target retrieval solution, pH 6 (Dako) at 98°C for 20 minutes

Anti-human keratin 19 RCK108 Abcam, Cambridge, U.K.

Anti-human integrin-ß1 4B7R Abcam, Cambridge, U.K.

Anti-human involucrin Polyclonal Abcam, Cambridge, U.K.

Anti-human filaggrin FLG01 Abcam, Cambridge, U.K.
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(2D) culture (Fig. 4B) and provided estimation of the growth
capacity of the expanded keratinocytes used to generate the
three-dimensional (3D) epidermis substitute. Finally, CFE analysis
was performed on keratinocytes extracted from bioengineered
3D hPBES (Fig. 4C) to determine the presence of immature clono-
genic keratinocytes. Freshly extracted keratinocytes exhibited
the classical clonal growth profile, ranging from low proliferative
colonies to large colonies containing .105 cells. As expected,
clonogenic keratinocytes were enriched during 2D expansion,
and total CFE increased from 20.3% 6 3.1% at culture initiation
to 52.1% 6 6.0% by the end of this culture step. Importantly,
the short expansion step used in our bioengineering process pre-
served the keratinocyte fraction with the highest clonogenic
capacity, as large colonies containing .105 cells were easily

detected. In contrast, total CFE wasmarkedly reduced in bioengi-
neered 3D hPBES, decreasing to 11.2%6 3.7% (Fig. 3D). A critical
finding is that this CFE diminution in hPBES was associated with
a relative rarefaction of large colonies containing.53 105 cells.
Although the marked CFE reduction detected in hPBES (probably
due to the confluence and stratification occurring during 3D cul-
ture) appeared to be of great importance, it remained higher
than CFE detected in typical samples of the CEA model Epicel,
which has been used successfully for burn treatment for deca-
des (Fig. 4D). Importantly, we could show that the observed CFE
reduction did not reach a critical level because keratinocytes
extracted from hPBES and Epicel were both capable of sustain-
ing long-term proliferation exceeding 60 population doublings
in 2D culture (Fig. 4E, 4F).

Figure 2. Human plasma-based epidermal substitutes (hPBESs) are able to form and maintain a differentiated epidermis when implanted in
vivo for 3weeks. Representativemacroscopic view (A) and hematoxylin, phloxine, and safranin staining (B) of resulting epidermis 3weeks after
hPBES (2 donors) grafting in NOD-SCIDmice (10mice per donor). (C): Percentage ofwound re-epithelialization for human epidermis (white) and
mouse epidermis (gray) in mean6 SEM. Immunohistochemistry staining was used to characterize the resulting epidermis (positive staining is
brown): integrin-b1 (D), keratin 19 (E), Ki-67 (F), collagen IV (G), laminin 5 (H), perlecan (I), keratin 10 (J), involucrin (K), filaggrin (L). Scale bars =
500 mm (A), 100 mm (B–L).
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hPBES Exhibits In Vitro Characteristics of Skin Basal
Layer Enriched With Highly Proliferative Keratinocytes

We aimed to characterize the phenotype of our hPBES by histol-
ogy and IHC after culture in immersion before grafting (Fig.
5A–5C, upper part) or after an in vitro stratification assay at the
air-liquid interface as a quality control (Fig. 5C, lower part). We
observed a well-organized basal layer of cuboidal or columnar
keratinocytes similar to that of healthy skin (Fig. 5A). To further
characterize the basal layer of hPBES, we used IHC to analyze
the expression of markers (in brown) linked with adhesion, stem-
ness, or activation. hPBES keratinocytes expressed keratin 5/6
(marker of basal and activated cells) through all the layers and
integrin-b1 (marker of basal cells) restricted to the basal layer
(Fig. 5A). A strong deposition of integrin-b1 was seen at the basal
lamina (Fig. 5A). The mean number of keratin 19-expressing ker-
atinocytes in the basal layer was high in hPBES (52.46%6 5.33%),
whereas keratin 19 stem cells were scarcely observed in Epicel
(0.15%6 0.15) (Fig. 4A). Themeasurement of hPBES Ki-67 prolif-
eration index showed an important number of proliferative basal
keratinocytes (37.34%65.89%),more than twice the Epicel Ki-67
proliferation index (Fig. 4A). Next, vimentin expression was ana-
lyzed to determine whether keratinocytes in epidermal substi-
tutes were in epithelial-mesenchymal transition (EMT) such as
during wound healing. Image analysis showed that a large per-
centage of hPBES cells were expressing vimentin (56.83% 6
2.95%), almost 3 times more than in Epicel (Fig. 5A).

We further investigated, by immunohistochemistry, the influ-
ence of our culture process on dermal-epidermal junction matu-
ration. Collagen IV, laminin 5, and perlecanwere deposited at the
junction of basal keratinocytes and fibrinmatrix of our hPBES (Fig.
5B). Laminin 5 was greatly expressed by basal keratinocytes and
diffused through the fibrin scaffold. These results could explain
the good adhesion of our hPBES to the dermal bed grafted in vivo
(via the conservation of dermal-epidermal junction proteins). The
use of a fibrinmatrix allowed the conservation of these basal pro-
teins, which are usually removed from CEA during enzymatic de-
tachment such as that observed in Epicel (Fig. 5B).

These results suggest that hPBESexhibitsmorphological char-
acteristics and proliferative and EMT phenotypes more prone to
regenerate a fully mature epidermis once grafted in vivo com-
pared with the medical reference Epicel.

hPBES Keratinocytes Express a Low Differentiated
Phenotype While Maintaining Stratification Potential

The basal phenotype of hPBES keratinocytes in immersion was
also confirmed by the absence of the terminal differentiation
marker filaggrin and the very scarce expression of the suprabasal
marker keratin 10 (Fig. 5C, upper bar).Weevaluated thepotential
of stratification of hPBESs in vitro by placing themat the air-liquid
interface (Fig. 5C, lower section). When subjected to these tests,
hPBES keratinocytes can form several layers of healthy skin,
such as the stratum basale, stratum spinosum, and stratum

Figure 3. Evaluation of plasma-based matrix growth factor release and its role in enhancing keratinocyte clonogenicity. (A): Percentage of
clonogenic cells forming large colonies (.4 mm in diameter) and total CFE from epidermal substitutes cultured on plasma-based fibrin, with
nomatrix, orwith fibrin frompurified fibrinogen. Data shownasmean6 SEMfor threedonors.ppp,p, .0001, two-way analysis of variance. (B):
Released growth factor concentration (picograms permilliliter) in culturemediumafter 1 dayof plasma-basedmatrix immersion. Data shownas
mean6 SEM for four independent experiments. Percentage of total CFE with G-CSF, PDGF-BB, HGF, IL-1a, or IL-6 on percentage of total CFE in
culturemedium alone (C) or ratio of mean area of colonies in the presence of factors onmean area of colony in culture medium alone (D). Data
shown as mean6 SEM for three donors. p, p, .05, t test with culture medium alone. Abbreviations: CFE, colony-forming efficiency; G-CSF,
granulocyte colony-stimulating growth factor; HGF, hepatocyte growth factor; IL-1a, interleukin 1a; IL-6, interleukin 6; PDGF-BB, platelet-derived
growth factor-BB; TNF-a, tumor necrosis factor a; VEGF, vascular endothelial growth factor.
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granulosum,while conserving columnarbasal cells.Basal cellswere
maintained in a proliferative state, as assessed by the presence of
Ki-67-expressing basal keratinocytes. Moreover, hPBES differenti-
ation can be attested by the suprabasal expression of markers
such as keratin 10. The late differentiation marker filaggrin was
scarcely expressed at this stage of the stratification process.

Despite showing differentiation characteristics, keratinocytes of
the basal layer were still expressing integrin-b1 like healthy skin
epidermal basal cells. Furthermore, keratinocyte stem cells ex-
pressing keratin 19 persisted in the basal layer of stratified hPBES.
These results suggest that, in vitro at the air-liquid interface, our
hPBES is able to differentiate and stratify like mature skin.

Figure 4. Follow-up of keratinocyte clonogenic potential throughout the hPBES bioengineering process. Total CFE and clone-size distribution
characterized in keratinocytes freshly extracted from skin samples (A), after 2D expansion (B), and in bioengineered 3D hPBES (C). Clone size
distributions: pooled data from three independent experiments. Total CFE estimations: mean6 SEM for four independent experiments. (D):
Estimation of total CFE in hPBES and Epicel (four samples for hPBES, two samples for Epicel). Long-term growth potential of keratinocytes
extracted fromhPBES (E) andEpicel (F) (typical experiments shown). Abbreviations: 2D, twodimensional; CFE, colony-forming efficiency; hPBES,
human plasma-based epidermal substitute.
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DISCUSSION

Autologous epidermal substitutes are intended to completely and
quickly regenerate the epidermal barrier that is missing on burn
wounds, sustaining maintenance over the long term. To induce
rapid and complete wound healing with high grafting efficiency,
epidermal substitutes should be characterized by a high potential
for cell proliferation and subsequent differentiation close to healthy
skin. Our in vivo results, achieved with a combination of quality con-
trols, showed that the hPBES culture process produced epidermal
substitutes fulfilling these criteria. In addition, we observed good

grafting quality with the regeneration of a mature epidermis in vivo.
Consequently, this new substitute could provide an interesting alter-
native treatment for epidermal regeneration in massively burned
patients. In our study design,we focused on setting efficient potency
and identity quality controls to obtain thorough characterization of
hPBES. To our knowledge, this study is the first to evaluate the graft-
ing potential of an epidermal substitute by using clonal assays and
phenotypical analyses before grafting. Moreover, these results were
compared with a medical reference, Epicel.

When engineering an epidermal substitute for treatment of
massive burns, the first challenge faced is the very high culture

Figure 5. hPBESs exhibit basal keratinocyte phenotype with high proliferative and migratory potential while keeping differentiation ability.
Each view represents independent experiments performed with four donors of keratinocytes for hPBES and four Epicel substitutes. Hematox-
ylin, phloxine, and safranin and immunohistochemistry staining (positive staining is brown) and quantification showed basal properties (indi-
vidual donors and mean represented four donors, p, p = .03, U = 0.00, Mann-Whitney tests) (A), the presence of dermal-epidermal junction
proteins (B), and low expression of differentiation markers (C) (upper bar) of hPBES keratinocytes. When placed at the air-liquid interface,
hPBESs are able to stratify and differentiate (C) (lower section). Scale bars = 50 mm. Abbreviations: hPBES, human plasma-based epidermal
substitute; PI, proliferation index.
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amplification ratio needed to obtain large surfaces of engineered
epidermis (total body surface area is 1.8 m2) from the small skin
biopsyharvested initially (2–6cm2). The riskof thishighexpansion
rate could be exhaustion or alteration of clonal cell diversity
within epidermal substitutes. In our study,weanalyzed the clono-
genic potential [32] of cultured keratinocytes in two dimensions
during the expansion step and in three dimensions after epi-
dermal substitute formation (Fig. 4A–4C). Despite a clonogenic
reduction in hPBES keratinocytes inherent to multilayered
epidermal substitute culture (Fig. 4C), greater performance for
clonogenic cell maintenance was obtainedwith our process com-
paredwith Epicel, whichwas analyzed for reference (Fig. 4). In ad-
dition, we showed that plasma growth factors such as PDGF-BB,
HGF, and IL-1a, released from the plasma-basedmatrix in culture
medium, could be involved in the better clonogenicity of kerati-
nocytes fromhPBES (Fig. 3) and in keratinocyte proliferation and/
or migration in general [33, 34]. In our study, we also combined
these functional assays with a phenotypical evaluation of the
stemness marker keratin 19 [35, 36] and observed enrichment
in basal stem keratinocytes expressing keratin 19 in our hPBES
(Fig. 4A) compared with Epicel. The link between long-term en-
graftment and clonogenic content of cellular therapy products
has been emphasized in different medical applications. Notably,
thepresenceofhighlyproliferative clones (holoclones)within cul-
tured epithelial grafts has been associated with good regenera-
tion prognosis in the treatment of massive full-thickness skin
burns [24]. Moreover, during wound healing, interfollicular epi-
dermis stem cells stably contribute to epidermal repair, whereas
progenitor contribution is transient [37]. A parallel could be done
withhematopoietic stemcell (HSC) transplantation, inwhichboth
short-term and long-term repopulating cells are needed [38, 39],
and research is ongoing for ex vivo expansion of HSCs to avoid al-
teration of the stem cell compartment [40–42]. Another possible
risk associatedwith rarefaction of the clonogenic compartment is
forced proliferation centered on a few remaining progenitors,
creating strong stress and potential unfortunate events such as
cell senescence or genomic abnormalities; however, the classical
process for epidermal substitutes does not generate artifacts,
leading to the selection of transformed cells [43]. These criteria
favor long-term engraftment and homeostasis of hPBES resulting
from the conservation of clonal diversity and keratin 19-positive
stem cell enrichment during our culture process.

High proliferation and migration levels of keratinocytes and
low differentiation phenotype are related to rapid and efficient
woundhealing and thus are key characteristics for epidermal sub-
stitutes before grafting. We demonstrated in our study that our
process induced high proliferation andexpression of vimentin (an
epithelial-mesenchymal transition marker linked with high cell
motility [44–46]) (Fig. 4A). These levels decreased tonormal levels
after grafting (datanot shown).Useof functionalmigrationassays
may be impeded by the use of 3D matrices. Consequently,
phenotypical markers associated with epithelialization, such
as vimentin or connexins [47], are of interest for 3D tissue-
engineered substitute characterization. In our study, hPBES
keratinocytes that expressed keratin 10 or that processed profi-
laggrin into filaggrin [48] before grafting were very rare, showing
that the culture process prevents cells from engaging too early in
the differentiation pathway (Fig. 4C).We also proved that hPBES
keratinocytes were able to rapidly differentiate in vitro when
subjected to an air-liquid interface (Fig. 4C) and to form protec-
tive overlying terminally differentiated keratinocytes expressing

filaggrin in vivo (Fig. 2). This low level of differentiation is required
for an epidermal substitute before grafting because it has been
shown that undifferentiated keratinocytes are more prone to re-
generate a healthy epidermis over the long term [49]. Our in vitro
quality controls provide information about the state of keratino-
cytes in terms of proliferation, migration, and differentiation and
indicate that the hPBES phenotype is close to one of the epider-
mal tongue during wound healing.

In addition to the different cellular aspects, amajor challenge
with epidermal substitutes after grafting is the reformation and
rapidmaturation of a functional dermal-epidermal junction. Dur-
ing the culture process, keratinocytes and fibroblasts synthesize
dermal-epidermal junction proteins on either a plastic or fibrin
matrix. The use of a fibrin matrix presents the advantage of con-
serving these proteins [22], which are otherwise cleaved by enzy-
matic treatment during CEA detachment from the culture vessel
[50], as confirmed in our study (Fig. 5B). Basement membrane
proteins determine sustained basal keratinocyte functionality,
growth, and survival and epithelial architectural maturation
[51]. Moreover, pre-existing basement membrane proteins are
essential to induce rapid and functional assembly of dermal-
epidermal junction proteins after grafting [52] and thus may
enhance the graft-take rate in vivo [53]. The conservation of base-
ment membrane with the use of fibrin matrix (Fig. 5B) might be
the cause of the high graft take observed in vivo with hPBES (Fig.
2) or in other in vivo studies [54]. Finally, plasma-based support
combines advantages brought by fibrin support for basement
membrane protein conservation with plasma growth factors re-
leased by the matrix (Fig. 3) that can improve the deposition of
dermal-epidermal junction proteins [55–57]. Consequently, the
use of a plasma-based matrix for our epidermal substitute
constitutes a promising improvement to solve one of the main
drawbacks cited for cultured epidermal autografts in clinic:
dermal-epidermal junction immaturity.

CONCLUSION

In response to medical needs for epidermal coverage for mas-
sively burned patients, we developed a new human plasma-
based epidermal substitute and evaluated it with a combination
of phenotypical and functional quality controls. Our culture pro-
cess allows the production of epidermal substitutes with efficient
graft take, resulting in a well-regenerated epidermis that has
a healthy epidermis macroscopic appearance and that fulfills
microscopic requirements for normal skin characteristics. These
favorable results encourage us to go forward with clinical devel-
opment in compliancewith regulatory requirements.Weare con-
fident that our newhumanepidermal substitutewill rapidly reach
clinical trial evaluationbasedon theencouragingproofof concept
obtained in in a mouse model and strengthened by the positive
results obtained with our comprehensive quality controls.
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