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Abstract

Cultured epithelial autograft (CEA) was the birth of skin tissue engineering and encompassed methodologies for the isolation and
expansion of autologous basal keratinocytes for burn treatment that are still practiced at some specialised units around the
world. One of the limitations of CEA, however, is the reliance on animal-derived material during the manufacturing process and
despite all efforts to date, no xeno-free alternative with proven efficacy has been reported. Here, we investigate whether human-
derived fibroblast feeder cells and human serum can sufficiently and effectively provide a suitable microenvironment for adult
keratinocyte isolation and expansion. Human dermal fibroblasts and epidermal keratinocytes were isolated from discarded skin
during abdominoplasty and breast reduction procedures and cultured in xeno-free conditions. We report that these xeno-free adult
keratinocytes form similar numbers of colony-forming units as those cultured using the Green’s methods; however, xeno-free
keratinocytes express lower levels of «6 integrin (CD49f; a progenitor and stem cell marker). We identified IL-8 as a potential
growth factor secreted by adult human fibroblasts that may enhance keratinocyte colony formation in human serum. Finally,
we propose a step-by-step xeno-free isolation and cultivation methodology for adult keratinocytes that can be tested further in
serial cultivation for clinical application.
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Introduction grafting, Rheinwald and Green introduced a long-term culti-
vation method for adult basal keratinocytes in their landmark

Definitive wound closure of major burns in a timely fashion ~ publication in 1975 (Rheinwald and Green 1975b), which

faces many challenges, and despite advancements in critical
care, split skin grafting has remained the gold standard for
large-wound closure. As an adjunctive treatment to split skin
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relies on mitotically inactive 3T3-J2 (a sub-clone of the mouse
embryonic 3T3 fibroblast cell line, derived and maintained in
bovine serum) as keratinocyte feeder cells. The resultant epi-
thelial sheets, or cultured epithelial autograft (CEA), have
been used in specialist burn units around the world since the
1980s, with variable success rates (Wood et al. 2006).
Despite reasonable CEA take rates (30-90%), a number
of limitations are associated with this technique, in particular
the presence of xeno-derived materials, specifically the mu-
rine embryo fibroblasts and bovine serum. According to the
Good Manufacturing Practice (GMP) principles, such xeno-
derived materials are a safety concern due to the possibility
of introducing zoonoses (such as bovine spongiform enceph-
alopathy) to the recipients. The focus of this study is to
eliminate both the murine-derived feeder layer and bovine
serum from the Green’s adult basal keratinocyte culture
method, which may improve the safety and quality of
CEA by reducing the risk of transmitting animal-derived
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pathogens and antigens, which may in turn reduce graft
rejection.

Feeder-free and serum-free alternatives have been reported
for adult basal keratinocyte expansion using either commer-
cial keratinocyte media or recombinant proteins. However,
these cultures are typically slow to grow and/or incapable of
serial cultivation and none have been translated to the clinic
(Bisson et al. 2013; Lamb and Ambler 2013; Mujaj et al.
2010). Human-derived (neonatal or adult) fibroblasts have
been considered effective alternatives to 3T3-J2 feeder cells
for expansion of human adult keratinocytes (HAK) in culture;
however, in these studies, the cultures were supplemented
with either bovine serum or bovine pituitary extract and were
not xeno-free (Bisson et al. 2013; Li et al. 2009). There has
been some interest in the use of human platelet lysate as an
alternative to bovine serum for cell therapies, including mes-
enchymal stem cells (Astori et al. 2016). Culture medium
supplemented with platelet lysate at 2.5 and 5% has been used
to replace bovine serum for HAK with short-term viability
(3 days) but the doubling time was significantly increased
(Witzeneder et al. 2013).

Despite all efforts, a xeno-free alternative to the Green’s
method of HAK expansion for clinical application has proven
difficult to establish. This method thrives on mimicking the
mesenchymal—epidermal interaction observed in vivo. In
adults, dermal fibroblasts not only deposit extracellular matrix
but also influence keratinocyte behaviour by modulating cell
polarity, proliferation, migration, differentiation and homeo-
stasis via secreted growth factors such as keratinocyte growth
factors (KGF)-1 and 2, epidermal growth factor (EGF),
granulocyte—macrophages colony-stimulating factor (GM-
CSF), parathyroid hormone-related protein (PTHrP) and
interleukin-6 (Borradori and Sonnenberg 1996; Sorrell et al.
2004; Sorrell and Caplan 2004; Szabowski et al. 2000).
Simultaneously, fibroblast proliferation and function are reg-
ulated by factors secreted by keratinocytes, including
oncostatin-M (OSM) (Canady et al. 2013).

This study aims to investigate human adult fibroblasts
(HAF) and human serum (HS) as a complete xeno-free
solution for isolation and cultivation of HAK that can be
adapted to a clinical setting. Short-term culture of HAF in
HS has already been found to be effective (Witzeneder et al.
2013). Here, we demonstrate that HS is able to maintain
long-term HAF proliferation capacity and that HAF, in
combination with HS-AB type (to ensure immune compat-
ibility), is effective for HAK isolation and expansion and
should be considered for further analysis as an alternative to
the conventional Green’s method in the clinical setting.
Interleukin-8 (IL-8) may play a significant role in xeno-
free HAK attachment and expansion in culture. The xeno-
free condition supported similar HAK clonogenicity but
with lower expression of «6 integrin marker, compared to
the Green’s method.
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Methods
Access to human skin and serum

Skin tissue discarded during elective breast reduction or
abdominoplasty surgery was obtained after informed consent,
following approval by the Monash University, Monash Health
and Alfred Health Research Ethics Committees, Melbourne,
Australia. Human serum (HS) was obtained through the
Australian Red Cross under ethical approval.

Primary HAF isolation in HS

Skin pieces were digested in Dispase II (4 mg/ml, Roche) over
the first night of skin retrieval at 4 °C to separate the dermis
from the epidermis. Adult fibroblasts were isolated from the
dermis based on the protocol described by Paul et al. (2015)
with some modification. Briefly, equal-sized dermal skin sam-
ples were minced and digested in an enzyme cocktail (20 ml
per gramme tissue) composed of 3 mg/ml Collagenase
(Gibco), 4 mg/ml Dispase (Gibco) and 10% calcium chloride
(Sigma) in Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen), supplemented with either 2% HS (Red Cross) or
5% Foetal Bovine Serum (FBS, Thermo Fisher Scientific) for
2 h at 37 °C under agitation. The enzyme reaction was halted
by adding an equal volume of DMEM with FBS or HS as
appropriate. After straining the quenched suspension through
a 22-um cell strainer, cell recovery and viability were deter-
mined using the trypan blue exclusion method.

HAF longevity in HS

Freshly isolated HAF from three donors were grown at
26,667 cells/em” in DMEM containing 4 mM L-glutamine
(Gibco), 50 mg/ml gentamicin (Life Technologies) and either
10.0% BCS (Thermo Fisher Scientific) or 5.0, 7.5, 10.0, or
12.5% HS at 37 °C, 5% CO,. HS was pooled from three
donors to reduce batch variation. Media were changed every
2-3 days. Cell banks were frozen down in their growth media
plus 10% DMSO (Sigma) for further experiments. To deter-
mine the longevity of HAF isolated and cultured in HS, HAF
from three separate donors were maintained in their corre-
sponding serum for up to 20 passages in flasks at a density
of 6400 cells/cm? in triplicate. The flasks were monitored
daily for proliferation, morphology and confluency and were
passaged once 80% confluency was observed to avoid
contact-dependent inhibition (Gradl et al. 1995).

HAF proliferation rate in HS using MTT assay
The proliferation rate of HAF cultured in 5.0, 7.5, 10.0

and 12.5% HS was compared to the proliferation rate of
HAF cultured in 10.0% BCS as described previously with
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minor changes (Cleland et al. 2014). Briefly, HAF were
seeded in triplicate at a density of 6400 cells/cm” at
37 °C, 5% CO, with media changed every 2 days. On
days 2, 3, 4, 5, 6 and 7, media were aspirated and 1 ml
of fresh culture media with 100 pl of MTT reagent
(Sigma, 20 mg/ml in PBS) was added to each well.
Plates were mixed for 30 s before incubation at 37 °C
for 4 h. Media containing MTT was then removed and
500 ul of 2-methoxyethanol (Sigma) was added to each
well and incubated at room temperature for 2 h. Plates
were read on a FLUOstar Omega Microplate Reader
(BMG Labtech) with absorbance set to 590 nm and the
reference filter set to 660 nm.

HAF irradiation regime

HAF expanded in 12.5% HS or 10% BCS were gamma-
irradiated (Gammacell 1000 Elite) at 60, 80 or 150 Gy and
seeded. As a control, murine (3T3-J2) fibroblasts (expanded
in DMEM containing 4 mM L-glutamine, 50 mg/ml gentami-
cin and 10.0% BCS) were irradiated at 60 Gy (Rheinwald and
Green 1975a). Irradiated cells were seeded at 6400 cells/cm?®
and maintained with media changes every 2 days. On days 3,
5 and 10 post-irradiation, fibroblasts were detached and count-
ed using the trypan blue exclusion method.

Growth factor expression in xeno-free HAF using
real-time PCR

RNA from three HAF donors was isolated 24 h post-
irradiation (80 Gy), using an RNeasy mini kit (Qiagen)
according to the manufacturer’s instructions. cDNA was
prepared using a First-Strand ¢cDNA Synthesis Kit for
RT-PCR (AMYV; Roche), and quantitative real-time
PCR was performed in a LightCycler® 480 Multiwell
Plate 384 (Roche) using LightCycler® 480 SYBR
Green I Master (Roche) according to the manufacturer’s
instructions. KGF, fibroblast growth factor-2 (FGF-2),
IL-6 and IL-8 were analysed as the target genes
(Table 1). Three house-keeping genes, GAPDH, HPRT
and TBP, were also amplified as reference genes. CT
values were recorded, and the expression ratios between
the irradiated and non-irradiated samples were calculated
using the following formula:

. ACT, target (non treated — irradiated) ACT, target (non treated — irradiated)
Ratio = (Eurget) /(Exer)

A two-way ANOVA was used to determine statistical dif-
ferences in expression levels, with P values less than 0.05
considered significant and the results were analysed using
GraphPad Prism.

IL-8 detection by ELISA and immunofluorescence

HAFs (expanded in 12.5% HS or 10% BCS) and 3T3-J2
murine fibroblasts were gamma-irradiated at 80 and 60 Gy,
respectively. After 24 h (day 1), the feeders were seeded
with passage 2 HAK in their respective serum.
Supernatants were collected on days 0, 1, 3, 5 and 7 post-
irradiation, with media replenished for the remaining
day(s). Cell supernatants were stored at — 80 °C for further
analysis using a human IL-8 ELISA kit (BD Biosciences
Pharmingen, San Diego, CA).

For immunofluorescence microscopy, non-irradiated
and irradiated HAF were fixed and permeabilised in
0.2% Triton-X for 10 min, blocked in 10% BSA/goat
serum for 30 min and stained with an IL-8 specific an-
tibody (1:100, R&D Systems) overnight at 4 °C. Slides
were washed and stained with Alexa Fluor 568 (1:400)
and DAPI (1:500) for 45 min—1 h. Images were collected
on an Olympus Bx 61 (Tokyo, Japan) equipped with an
Olympus DP80 Camera (Tokyo, Japan) and analysed
using ImagelJ software.

Isolation of HAK in xeno-free conditions

Skin pieces were digested in Dispase II (4 mg/ml, Roche)
over the first night of skin retrieval at 4 °C to separate the
dermis from the epidermis. Epidermal sheets were minced
using a scalpel blade, followed by enzymatic digestion in
5% TrypLE Select (Xeno-Free; Gibco) at either 37 °C or
room temperature for 7 min. As a control, minced epider-
mis was digested in 0.25% Trypsin (animal-derived; Life
Technologies) for 7 min at 37 °C. Digests were quenched
in keratinocyte (FAD) media (Rheinwald and Green
1975b) containing DMEM and Ham’s F12 (Life
Technologies, 3:1 ratio), 4 mM L-glutamine, 0.18 mM ad-
enine (Calbiochem), 0.4 pg/ml hydrocortisone
(Calbiochem), 5 pg/ml insulin (Novo Nordisk), 2 x
10° M 3,3",5-triiodo-L-thyronine sodium salt (Sigma),
5 pg/ml transferrin (Sigma), 50 pg/ml gentamicin,
0.2 pg/ml isoproterenol (Hospira) and supplemented with
either 10.0% FCS (Green’s method) or 5% HS-AB type
(xeno-free).

HAK colony formation assay in xeno-free conditions

HAK freshly isolated from six donors according to either
the Green’s method (seeded on 60 Gy-irradiated 3T3-J2
feeder cells at 28,000 cells/cmz) or our xeno-free method
(seeded on 80 Gy-irradiated HAF feeder cells at
21,333 cells/cm?®) were seeded in 6-well plates in duplicate
(5000 or 1000 HAK per well) in either FAD supplement-
ed with 10.0% FCS or 5, 7.5, 10 and 12.5% HS-AB type.
Colonies were maintained for 15 days and stained with
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Table 1 List of specific primers used in real-time PCR

Protein of interest Primers

NCBI mRNA reference number Expected product size (bp)

KGF/FGF-7 5-TTGTGGCAATCAAAGGGGTG-3'
5-CCTCCGTTGTGTGTCCATTTAGC-3'
FGF-2/bFGF 5-GAAGAGCGACCCTCACATCAAGCTA-3’
5-CAGTTCGTTTCAGTGCCACATACC-3'
IL-6 5"-GGTACATCCTCGACGGCATCT-3’
5'-GT GCCTCTTTGCTGCTTTCAC-3'
IL-8 5-ACTGAGAGTGATTGAGAGTGGAC-3'
5-AACCCTCTGCACCCAGTTTTC-3'
GAPDH 5"-CTCTGCTCCTCCTGTTCGAC-3'
5-AAATGAGCCCCAGCCTTCTC-3'
HPRT 5-ATTGGTAATGACCAGTACCAGTCAACAG-3'

5-GCATTGTTTTGCCAGTGTCAA-3'
TBP 5-CACGAACCACGGCACTGATT-3'
S“TTTTCTTGCTGCCAGTCTGGAC-3'

NM_002009 159
NM_002006 229
NM_000600.4 140
BC013615.1 111
NM_002046.5 408
NM_000194.2 117
NM_003194 89

1% Rhodamine Blue. HAK colonies were analysed using
GelCount™ (Oxford Optronix) according to the manufac-
turer’s instructions. Individual colonies were imaged using
an Olympus CKX41 (inverted) microscope equipped with
a DP21 camera.

HAK marker expression analysis using flow cytometry
and immunofluorescence

Cultured HAK 8-15 days post-isolation were blocked in
2% bovine serum albumin (MP Biomedicals New
Zealand Limited)/2% FCS for 15 min at 4 °C and
stained with either a FITC-conjugated o6-integrin
(CDA49f) antibody or isotype control (BD Biosciences)
for 1 h at 4 °C under agitation. Samples were washed
in staining buffer (SB, 2% FCS) and incubated in SB
plus 1 pg/ml 7AAD (Sigma-Aldrich) prior to analysis.
For cytoplasmic markers, HAK were fixed in 0.01%
formaldehyde (Amber Scientific) and permeabilised in
0.2% Triton-X (Sigma-Aldrich)/SB prior to incubation
in primary antibodies: mouse anti-human keratin 10
(Dako) or IgGl isotype control (R&D Systems) at 1
in 50 dilution. Cells were washed in permeabilisation
buffer and stained with anti-mouse Alexa Fluor 488
(1:400) for 45-60 min at 4 °C, shaking. HAK were
washed and analysed using FACS Calibur (BD
Biosciences) and plotted using Flow Logic software
(Inivai Technologies). For confocal microscopy, HAK
isolated and expanded according to the Green’s method
for 12—-15 days on chamber slides were fixed,
permeabilised and blocked as described previously.
Slides were incubated in FITC-CD49f (1:5) and mouse
anti-human keratin 10 antibodies (1:1000) or the IgG
isotype control overnight at 4 °C. Optical sections of
the sample were acquired using a Nikon A1R micro-
scope (Nikon, Tokyo, Japan) equipped with Plan Fluor

@ Springer

20%/0.75 MImm lens used with glycerol immersion flu-
id and the appropriate collar setting.

Results

HS can effectively replace bovine serum
for the isolation and expansion of HAF

Traditionally, FCS is used during isolation and expan-
sion of HAF from the dermal tissue (Bisson et al.
2013; Bullock et al. 2006; Jubin et al. 2011). To de-
termine the optimal concentration of HS supplement to
replace FCS, skin pieces were digested in no serum,
2% HS or 5% HS (data not shown). There was some
improvement in cell recovery/viability when 2% HS
was included in the digestion cocktail and although
not significant, this lends support to earlier work show-
ing that serum-free extraction and culture of HAF leads
to poor cell yield and growth rate (Bullock et al.
2006). Therefore, 2% HS was used in all subsequent
HAF isolations. Xeno-free isolated HAF were cultured
in media supplemented with either 5.0, 7.5, 10.0 or
12.5% HS, compared to those isolated and cultured in
bovine serum (FCS and BCS). Short-term proliferation
(7 days) was assessed using the MTT assay over early
passages (passages 4-7; Fig. la). The MTT assay
showed that HAF grown in HS have a comparative
growth rate to HAF grown in 10.0% BCS for most
of their growth period, until confluency is reached at
day 6 or 7 (P<0.5).

HAF have similar longevity in HS compared to BCS

HAF isolated and expanded in HS were maintained in
culture and passaged over a period of 60 days to assess
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Fig. 1 HATF proliferation and longevity in HS. a Dermal HAF (passages
4-7) were grown in triplicate in 24-well plates in media supplemented
with 5.0, 7.5, 10.0 or 12.5% HS or 10.0% BCS as a control for 7 days to
assess their short-term proliferation using an MTT assay. Cells cultured
with 5.0 and 7.5.0% HS have significantly reduced proliferation capacity
compared with the standard 10.0% BCS that becomes significant on days
6 and 7. Cells cultured in 12.5% HS were significantly more proliferative,
compared to the control on day 7. b HAF were maintained in an
increasing concentration of HS, compared to control in culture flasks in
triplicate to determine long-term longevity (over at least 19 passages in a
60-day period). Flasks were split and counted once they reached at least
80% confluency. HAF maintained in 5.0 and 7.5% HS lagged behind the
control 10.0% BCS. However, cells grown in 10.0 and 12.5% HS had a
comparable growth rate compared to the control. Data are representative
of 3 independent experiments. Values represent mean = SEM. Repeated-
measure two-way ANOVA was performed. *P < 0.05; **P<0.01

their longevity (Fig. 1b). HAF cultured in all media con-
ditions reached 80% confluency after a maximum of 3—
4 days for the first 8 passages (Fig. 1b). At this point, the
growth rate of cells cultured in 5 and 7.5% HS began to
slow, with HAF taking 5—6 days to reach 80% confluency.
This lag in cell growth compared to 10.0% BCS reached

statistical significance by passage 11 (P<0.01, Fig. 1b).
On the basis of these experiments, 12.5% HS was
established as the optimal serum replacement for BCS
for propagating HAF.

HAF require higher dosages of irradiation compared
to 3T3-J2 cells to form an effective feeder layer
for HAK culture

To determine the dosage of gamma irradiation required to
arrest HAF growth, HAF grown in either HS or BCS were
irradiated at 60, 80 or 150 Gy. 3T3-J2 murine fibroblasts
cultured in bovine serum (Greens’ method) were subjected
to the same irradiation regimens for comparison. After ir-
radiation, the fibroblasts were re-seeded and counted over
a period of 10 days to determine if and when cell growth
had been arrested. Figure 2 demonstrates that while 60 Gy
was sufficient to arrest the growth of murine fibroblasts,
HAF continued to proliferate. HAF growth arrest was
achieved at 80 Gy, which was used as the standard irradi-
ation dose for further experiments. HAF seeding density
(21,333 cells/cm?) for HAK co-culture was also deter-
mined using HAK colony formation assay (data not
shown).

Human AB-type serum supports HAK clonogenicity

Freshly isolated HAK (next-day post-skin retrieval) in
media containing HS-AB type (5.0, 7.5, 10.0 and
12.5%) or 10% FCS (Greens’ method) were seeded on
irradiated HAF or 3T3-J2 feeder cells, respectively, in a
colony formation assay (Fig. 3a—h). There was a signifi-
cant increase in colony numbers when HAK were grown
in 5% HS-AB type, compared to 10%FCS in the presence
of HAF feeder cells (P <0.05). HS-AB type at 5, 7.5, 10
and 12.5% was able to support HAK clonogenicity.
However, HS-AB type at 12.5% resulted in fewer HAK
colonies, suggesting a possible inhibitory effect of HS at
high concentrations, although this was not a statistically
significant effect.

Interestingly, when HAF were utilised as feeder cells,
regardless of the serum source used, HAK did not form
round colonies, as they did when cultured according to
the Green’s method (Fig. 3i—n). HAK colonies always
appeared to be elliptical or triangular and demonstrated
polarity, with some HAK seemingly leading the colony
expansion. This observation is similar to that seen for
human embryonic colonies grown on either human- or
mouse-derived fibroblast feeders (Dravid et al. 2006).
Similar-shaped mouse embryonic colonies originating
from early or late blastocysts are also observed when cul-
tured on murine embryonic fibroblasts 10 or 12 days post-
seeding (Lee 2013).
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Fig. 2 Determining the optimal
irradiation dose to growth arrest T
HAF. HAF (passages 4-7) were
gamma-irradiated at 60, 80 and
150 Gy and reseeded. Murine
3T3-J2s were irradiated at 60 Gy
according to the Green’s method
as a control. Cells were detached
and counted on days 3, 5 and 10
post-irradiation using trypan blue
exclusion method. The log of the
number of cells counted/number
of cells seeded is plotted. While
60 Gy was sufficient to arrest the
growth of 3T3-J2 cells, HAFs
required a dose of at least 80 Gy
to prevent further proliferation.
Negative readings were observed
at higher irradiation dosage due to .2 d
loss of loosely attached irradiated
HAF over time. Data were pooled
from 3 independent experiments.
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HAK expanded in xeno-free conditions show reduced
expression of a6 integrin

Expression of the cell surface marker «6 integrin, which is
expressed on adult interfollicular stem and progenitor cells in
native skin (Webb et al. 2004), was detected on expanded
HAK using confocal microscopy (Fig. 4a, b). Differentiating
HAK, marked with keratin 10, was detected above «6
integrin-expressing cells (a volume view of this image is pro-
vided in Supplementary Data 1). We employed flow cytome-
try to quantify the proportion of HAK that expressed o6
integrin grown in different conditions. The majority (75%)
of the HAK expanded according to the Green’s method
expressed «6 integrin (Fig. 4c, f), whereas HAK grown on
HAF feeders in either bovine (42%, P <0.0001) or human
serum (44%, P <0.0001) showed significantly reduced o6
integrin-positive populations. This suggests that the fibroblast
feeder/HAK interaction is more critical than serum nutrition in
selecting for and maintaining «6 integrin-positive HAK in
culture. The significance of reduced x6 integrin expression
in xeno-free conditions is yet to be determined in HAK ex-
panded for further consecutive passages.

The early differentiation marker, keratin 10, was expressed
in a small proportion of HAK. Keratin 10 expression was not
increased in HAK grown in the xeno-free condition (18%)
compared to HAK grown according to the Green’s method
(15%), suggesting that the xeno-free culture condition does
not induce differentiation in HAK. The gating strategy and
an example of the HAK «6 integrin and keratin 10 expression
profile are presented in Fig. 4(d-g).
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HAFin BCS 3T3-J2in BCS

IL-8 secreted by HAF may play a role in in vitro
keratinocyte attachment/proliferation

In order to identify growth factors secreted by HAF that play a
significant role in maintaining the proliferative capacity of
isolated HAK in culture, real-time PCR was employed. The
expression of candidate growth factors KGF, FGF-2, IL-6 and
IL-8 was measured in three independent batches of HAF iso-
lated and expanded in either bovine or human serum (passages
4-7, Fig. 5a). RNA was prepared from both irradiated (80 Gy)
and non-irradiated HAF and the growth factor’s mRNA levels

Fig. 3 HAK clonogenicity in xeno-free conditions. a Freshly isolatedP
HAK were seeded on irradiated feeders in various serum conditions in
a CFU assay. HAK colonies were fixed and stained with Rhodamine B on
day 15. The bars represent mean CFU% in each condition. Unpaired ¢ test
was performed comparing each condition to the control (i.e., HAK
CFU% in the Green’s method). Differences did not reach significant value
of P<0.05 but there is a trend of HAK CFU inhibition at 12.5% HS
compared to lower concentration of HS tested. HAK grown on HAF
feeders in 5% HS-AB type formed significantly more CFU% compared
to those grown on HAF feeder in 10%FCS (*P <0.05). Data are
representative of seven independent experiments, showing mean +
SEM. b HAK total surface area coverage (um?) in each culture
condition, reflecting colony number, were measured. The bars represent
mean value in five experiments £+ SEM. HAK grown on HAF feeders in
5% HS-AB type (xeno-free condition) grew significantly more compared
to those grown on HAF feeder in 10% FCS (*P<0.05). ¢-h
Representative Rhodamine Blue stain of HAK colonies (scale bar
10 mm) and i-n unstained colonies imaged on day 13. In contrast to
HAK colonies cultured according to the Green’s method, HAK colonies
cultured on HAF do not form round colonies. The black arrows point at
some of the leading cells (scale bar 500 pm)
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Fig. 4 Expression of proliferation and differentiation markers in xeno-
free HAK. a, b Expression pattern of «6 integrin and keratin 10 in HAK
expanded according to the Green’s method was detected using confocal
microscopy. Most cultured HAK expressed a6 integrin (green) on the cell
membrane. Keratin 10 (red) was expressed in a few larger, flat cells that
have moved to the top of the tissue, mimicking normal skin development.
The bottom slice (a) and top slice (b) of a Z-section are presented here
with the side scale bars in each image representing the volume view
where the specimen is marked with a cross. The images are
representatives of two independent experiments (scale bar 25 pum). ¢
The o6 integrin and keratin 10 expression were quantified in HAK
grown on HAF (in HS or BS), compared to the Green’s method using
flow cytometry. Values represent mean of four independent experiments
+ SEM. Repeated-measure two-way ANOVA was performed for
statistical analysis. *P <0.0001. d—g Representative fluorescence
intensity for &6 integrin and keratin 10 (K10) bright cells. Debris (d)
and dead cells (e) were gated out and the proportion of HAK that
express «6 integrin (f) or keratin 10 (g) was determined. Feeder: 3T3-
J2/FCS (Green’s method, blue line); HAF/FCS feeders (red line); HAF/
HS-AB-type feeders (green line)

were quantified by amplification using specific primers. Data
analysis revealed that KGF, FGF-2 and IL-6 levels were not
altered by irradiation or source of serum in HAF. In contrast,
IL-8 expression was substantially elevated in HAF isolated
and grown in HS (P <0.0001). When irradiated HAF in HS
were compared to irradiated HAF in BCS, it was revealed that
the HAF produced on average 100-fold more IL-8 mRNA
when grown in HS. This increased IL-8 expression in HAF
in HS was confirmed at the protein level by immunofluores-
cence (Fig. Sb—e) and may contribute to the increased HAK
clonogenicity in human serum reported in Fig. 3. IL-8 secre-
tion to the media was confirmed using ELISA (Fig. 5f).
Extended analysis of IL-8 levels over the co-culture period
of seven days revealed that IL-8 is also expressed by irradiated
HAF in BCS but its expression is delayed compared to irradi-
ated HAF in HS. Moreover, a marginal amount of IL-8 was
secreted from HAK co-cultured according to the Green’s
method. IL-8 overexpression was also detectable at mRNA
levels over the co-culture period (Supplementary Data 2).

Discussion

This study aimed to explore a clinically relevant alternative
method to the classic Green’s method for HAK expansion.
One of the bottlenecks in adopting tissue-engineered skin in
clinics is the ability to produce a product (such as CEA) that
complies with the manufacturing standards (such as GMP)
required by regulators. Here, we presented evidence that
allogenic fibroblasts and serum should be considered as a
novel, xeno-free, GMP-compliant alternative to the classic
Green’s method for keratinocyte expansion in the clinical set-
ting. These findings will facilitate development of a truly au-
tologous CEA in which keratinocytes are expanded with a
patient’s own fibroblasts and serum.

Specifically, HS was able to support both short- and long-
term HAF isolation and proliferation, comparable to BCS
(Fig. 1). However, unlike 3T3-J2 murine feeder cells, HAF
proliferation began to slow after 8 passages in culture and
HAF are therefore only suitable as feeders during these early
passages. A higher irradiation regime (i.e., 80 Gy) was re-
quired to induce senescence in HAF compared to 3T3-J2 cells
(Fig. 2). Nonetheless, HAF feeder cells in HS were able to
support HAK attachment and proliferation in a similar manner
to the Green’s method (Fig. 3).

HS-AB type (at 5%), combined with HAF feeders, provid-
ed sufficient attachment factors and nutrition for HAK colony
growth, whereas a trend towards reduced HAK clonogenicity
was observed in 12.5% HS-AB type. This may be due to the
presence of allogenic inhibitory factors in human serum that
can inhibit the growth of HAK at higher serum concentrations.
An inhibitory effect of high concentrations of blood-derived
products on HAK growth has also been observed in platelet
lysate applications (Altran et al. 2013; Stessuk et al. 2016).
The choice of HS-AB type has practical implications for the
potential use of autologous or allogenic serum during CEA
manufacturing. One study has detected A, B and O human
blood group antigens on cultured neonatal epidermal cells
in vitro (Thompson et al. 1986). Expansion of epidermal cells
in AB-type serum ensures that no AB type antibody is present
in serum and therefore will not interfere with cell growth from
other blood type donors. Similarly, HS-AB type (at 10%) has
also been demonstrated to be an effective alternative to FCS
for clinical expansion of mesenchymal stem cells (Aldahmash
et al. 2011; Kocaoemer et al. 2007).

In this study, we used 6 integrin expression as a marker of
proliferation to characterise xeno-free HAK. o6 integrin reg-
ulates interfollicular stem and progenitor cell attachment and
has been used as a marker of these cells in other studies
(Nanba et al. 2015; Webb et al. 2004). Our results confirmed
carlier reports that most HAK expanded according to the
Green’s method are stem and progenitor cells and express
«6 integrin (Lorenz et al. 2009). We found that although fresh-
ly isolated HAK grown in xeno-free conditions had similar
clonogenicity to those expanded by the Green’s method, a
smaller proportion of the clones expressed 6 integrin. This
was independent of the type of serum they were exposed to
and could only be as a result of fibroblast feeder/HAK inter-
action. The effect of reduced expression of o6 integrin marker
on HAK proliferation in subsequent expansion is yet to be
determined but the fact that xeno-free conditions did not in-
duce HAK differentiation (as assessed by keratin 10 expres-
sion) is encouraging.

IL-8 overexpression in HAF grown in HS compared to
BCS in the immediate days post-irradiation was observed at
both the RNA and protein levels, which may contribute to the
improved HAK colony formation observed when HAK were
grown in HS compared to bovine serum. No difference in
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Fig. 5 Growth factor expression pattern of HAF grown in BCS or HS. a
Three independent batches of HAF (passages 4-7) isolated and cultured
in either BCS or HS were vy irradiated. The expression pattern of KGF,
FGF-2, IL-6 and IL-8 was compared in irradiated (IR) vs non-treated
(NT) HAF, 24 h post-irradiation using specific primers in RT-PCR. An
average copy numbers of three housekeeping genes (GAPDH, HPRT,
TBP) were also analysed as reference genes to calculate AAC,. (Pfaffl
method). Values were statistically analysed using 2-way ANOVA
analysis in GraphPad Prism. *P <0.0001. Error bars represent SEM.
Irradiated (IR) and non-treated (NT) HAF in BCS (b, ¢, respectively),
and IR and NT HAF in HS (d, e, respectively) were fixed and stained for
IL-8 expression using I1-8 specific antibody. There were detectable levels
of IL-8 in HAF cultured in HS pre- and post-irradiation. (f) IL-8 protein
secretion was measured by ELISA atdays 0, 1, 3, 5 and 7 after irradiation.
Statistical analysis was performed using 2-way ANOVA in GraphPad
Prism. Data are mean = SEM values from n = 4 independent experiments

KGF, FGF-2 or IL-6 expression was observed in HAF post-
irradiation. IL-8 (CXCLS) is a pro-inflammatory chemokine
secreted by keratinocytes that signals through CXCR1 and
CXCR2 members of the G protein coupled receptor superfam-
ily to attract leukocytes. Dermal fibroblasts are not known to
produce IL-8 under normal conditions. However, IL-8 expres-
sion by fibroblasts is observed during tissue injury and in
inflammatory-related diseases, such as psoriasis and cystic
fibrosis. Indeed, it is believed that in psoriasis, high levels of
IL-8 are partly responsible for the hyper-proliferation of
keratinocytes (Tuschil et al. 1992). Exposure of fibroblasts
to burn exudates has also been reported to stimulate IL-8 ex-
pression by dermal fibroblasts (van den Broek et al. 2014). IL-
8 is also upregulated in lung fibroblasts in fibrotic lung disease
(Ludwicka-Bradley et al. 2000) and in rheumatoid synovial
fibroblasts during chronic inflammation (Cho et al. 2007).

Grafting IL-8-stimulated keratinocytes may have important
clinical implications. It is possible that IL-8-stimulated
keratinocytes have a greater ability to close a wound
once grafted onto a patient, by means of faster re-
epidermisation and wound repair, compared to those expand-
ed according to the Green’s method. Although keratinocytes
are a rich source of IL-8, addition of exogenous IL-8 has been
shown to stimulate cell migration in a keratinocyte (HaCaT)
cell line (Jiang et al. 2012). Other pathways activated down-
stream from IL-8 are not fully understood, although the an-
giogenic effect of IL-8 on human intestinal microvascular en-
dothelial cells has been reported as one example (Heidemann
et al. 2003).

Together, we provided data that human AB-type serum in
combination with human-derived fibroblast feeder cells is ca-
pable of supporting human adult keratinocyte clonogenicity.
These data are in agreement with studies showing that human
fibroblast feeder cells in human serum can provide a complete
xeno-free condition for expansion of human embryonic stem
cells (Meng et al. 2008; Richards et al. 2002). We have shown
that IL-8 may play a significant role in the effective expansion
of xeno-free HAK, although the HAK may be somewhat less

proliferative. Future work will determine whether serial culti-
vation, a requirement for clinical application, is feasible in
such xeno-free conditions.
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