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ARTICLE INFO ABSTRACT
Keywords: Skin injury is repaired through a multi-phase wound healing process of tissue granulation and re-
Keratinocytes epithelialization. Any failure in the healing process may lead to chronic non-healing wounds or abnormal scar

Skin tissue engineering
Reversible immortalization
SV40 large T antigen
PPCN

Skin wound healing

formation. Although significant progress has been made in developing novel scaffolds and/or cell-based thera-
peutic strategies to promote wound healing, effective management of large chronic skin wounds remains a
clinical challenge. Keratinocytes are critical to re-epithelialization and wound healing. Here, we investigated
whether exogenous keratinocytes, in combination with a citrate-based scaffold, enhanced skin wound healing.
We first established reversibly immortalized mouse keratinocytes (iKera), and confirmed that the iKera cells
expressed keratinocyte markers, and were responsive to UVB treatment, and were non-tumorigenic. In a proof-of-
principle experiment, we demonstrated that iKera cells embedded in citrate-based scaffold PPCN provided more
effective re-epithelialization and cutaneous wound healing than that of either PPCN or iKera cells alone, in a
mouse skin wound model. Thus, these results demonstrate that iKera cells may serve as a valuable skin epithelial
source when, combining with appropriate biocompatible scaffolds, to investigate cutaneous wound healing and
skin regeneration.

1. Introduction protective barrier against biological and chemical agents, to moderate
temperature, and to retain body fluids [1-3]. To fulfill these functions,

Skin is the largest organ of the body, accounting for about 15 % of the skin is composed of several cell types, such as keratinocytes, fibroblasts,
human body by mass. The primary functions of skin are to serve as a and melanocytes, which are organized into three layers: epidermis,
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dermis, and hypodermis [1]. Epidermis is the outermost layer of skin
with 15-20 layers of keratinocytes [2,3]. Epidermis plays a critical role
in forming an intact barrier to protect the body from dehydration and
external insults including pathogenic bacteria, viruses, allergens, and
UVB irradiation, and is pathologically associated with skin injury, skin
sensitivity, psoriasis, scleroderma and pigmentation, and other skin
disorders [2-4].

Skin wound healing is a dynamic and complex multi-phase process
that requires coordinated interactions between growth factors, cyto-
kines, chemokines and various cells, leading to and the activation of
keratinocytes through the intact basement membrane to act on dermal
fibroblasts and melanocytes together [1,2,5]. Epithelialization is an
important part of wound healing, and is the decisive parameter for
successful wound closure [6], although any failure in the multi-phase
process may cause the wounds to become chronic ones with abnormal
scar formation, which may significantly impact a patient’s quality of life
due to repetitive treatments and considerable medical costs [1]. Thus,
effective management of large chronic non-healing wounds remains a
major clinical challenge in reconstruction and rehabilitation medicine.

Nonetheless, significant progress has been made in developing novel
therapeutic approaches for wound treatment, as well as advanced and
regenerative dressings to promote wound closure within a clinically
relevant timeframe, through the use of novel scaffolds and/or cell-based
therapeutic strategies [1]. Numerous scaffold materials, especially
hydrogels and extracellular matrix (ECM), have been investigated for
skin wound healing and/or skin regeneration [7-9]. It has been recently
reported that extracellular citrate can elevate cell energy and metab-
ologenic status, which should be beneficial for the survival and prolif-
eration of the cells embedded in the scaffolds [10-12]. One interesting
citrate-based biodegradable polymer gel is poly (polyethyleneglycol
citrate-co-N-isopropylacrylamide) (PPCN), which is thermoresponsive
and exerts intrinsic antioxidant and anti-inflammation activities [13].

Significant efforts have been devoted to the development of stem
cell-based therapeutics, such as the possible use of embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs), and various sources of
mesenchymal stem cells (MSCs), to treat wounds, although the use of
these progenitor cells may be limited due to the concerns about their
availability and/or tumorigenicity [1,8,9]. Thus, more practical sources
of skin cells need to be explored for effective wound treatment. Here we
focused on keratinocytes because they make up the first barrier of the
skin and play a critical role in the re-epithelialization process [2].
However, adult keratinocytes are difficult to isolate and maintain for
long-term culture [14].

To overcome the limited life span of culturing primary keratinocytes,
we established the reversibly immortalized mouse keratinocytes (iKera)
cells by stably expressing SV40 large T antigen (SV40 T), which can be
reversed by the FLP recombinase or silencing SV40 T. The iKera cells
expressed keratinocyte markers and were responsive to UVB-induced
inhibition of cell proliferation. While retaining long-term proliferative
activity in vitro, the iKera cells were non-tumorigenic. In a proof-of-
concept experiment, we demonstrated that the citrate-based scaffold
PPCN embedded with iKera cells provided more effective cutaneous
wound healing and re-epithelization than that of either PPCN or iKera
cells alone in a mouse skin wound model. Therefore, our results
demonstrate that the iKera cells may serve as a valuable epithelial cell
source, in combination with the appropriate biocompatible scaffolds, for
cutaneous wound healing and skin tissue engineering.

2. Materials and methods

2.1. Synthesis and characterization of the citrate-based polymer PPCN
The citrate-based polymer poly (polyethylene glycol citrate-co-N-

isopropylacrylamide) (PPCN) was synthesized by employing a simple

two-step method as previously reported [13]. First, poly (polyethylene
glycol citrate) acrylate prepolymer (PPCac) was prepared by the
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polycondensation of citric acid, poly (ethylene glycol) (PEG) and glyc-
erol 1,3-diglycerolate diacrylate (GDD) with a feed ratio of 5:9:1. After
melting, the mixture was stirred at 140 °C for 45 min with nitrogen
purge. Subsequently, PPCac was dissolved in 1,4-dioxane and equal
amount of N-isopropylacrylamide (NIPAM) was added to the solution.
The free radical polymerization of PPCac and NIPAM was conducted at
65 °C for 8 h using azobisisobutyronitrile (AIBN) as an initiator. The
chemical and thermoresponsive characteristics were analyzed for all
newly synthesized batches as reported [13]. Specifically, the IH NMR
spectrum was used to confirm the chemical structure of PPCN by
employing a X500 Bruker Avance III NMR spectrometer, using DMSO-dg
as solvent and tetramethylsilane (TMS) as reference. Fourier transform
infrared spectra (FT-IR) were recorded by using Nicolet iS50 spec-
trometer with attenuated total reflection (ATR). The wavenumber
ranged from 400 to 4000 cm ™~ with the resolution of 4 cm™! and scans
of 32. The rheological properties of PPCN were studied by TA Discovery
HR 20 hybrid rheometer by using temperature ramp from 20 to 40 °C
with heating rate at 10 °C/min. Studies were conducted at an angular
frequency of 10 rad/s and 2 % strain. PPCN has a lower critical solution
temperature (LCST) of 29.7 °C and starts to solidify at above 30 °C [13,
15,16].

Prior to use, PPCN powder was dissolved in Milli-Q water at 100 mg/
mL. The pH of the solution was adjusted to 7.4 with 1 M sodium hy-
droxide solution. The PPCN solution was dialyzed for 2 days against
deionized (DI) water at 4 °C with a molecular weight cut-off (MWCO) of
2 kDa and then lyophilized for 2 days. Neutralized PPCN powder was
dissolved in phosphate-buffered saline (PBS) (stock solution at 100 mg/
mL), sterilized by syringe filtration, and kept at 4 °C. In order to enhance
cell adhesion ability of the PPCN, cells were resuspended in sterile PBS
containing 0.1 % gelatin prior to mixing with PPCN stock solution
(usually at 1:1 vol/vol ratio) as previously described [15-19].

2.2. Cell culture and chemicals

HEK-293 cells were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA). HEK-293 derivatives 293pTP and RAPA
lines were previously described [20,21]. The iMCs are SV40 T-immor-
talized mouse melanocytes as previously characterized [22]. All cells
were maintained in high glucose complete Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine serum (Lonsa
Science SRL), 100 units of penicillin and 100 pg of streptomycin at 37 °C
in 5 % CO5 as described [23-25]. Unless indicated otherwise, all
chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA),
Thermo Fisher Scientific (Waltham, MA, USA), or Solarbio (Beijing,
China).

2.3. Isolation of mouse primary keratinocytes (kera) and dermal
fibroblasts (Fib)

The use and care of experimental animals was approved by the
Research Ethics and Regulations Committee of Chongqing Medical
University, Chongging, China. The experiment animals were obtained
from and housed in the Experimental Animal Research Center of
Chongqing Medical University. The mouse primary keratinocytes (Kera)
and dermal fibroblasts (Fib) were isolated from the skin tissues of
newborn CD1 mice as described [14]. Briefly, newborn CD1 mice were
euthanized, washed with sterile PBS, and sterilized with 70 % ethanol.
The back skin was cut along the dorsal midline, loosened, and pulled to
the ventral side.

For the primary keratinocyte isolation, the flattened skin was kept
dermis-side-down to float in cell culture dishes containing 0.25 %
trypsin-EDTA overnight to separate the dermis layer and epidermis
layer. The epidermis layer was collected for primary keratinocyte (Kera)
isolation. The attached cells were passaged once reaching subconfluence
(designated as PO, 1, 2, and 3 to reflect the number of passages) for
establishing immortalized stable line (see below) or in vitro assays.
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For the recovery of primary dermal fibroblasts, the full thickness skin
was minced into small pieces, directly seeded onto cell culture dishes,
and cultured at 37 °C in 5 % CO5 in high glucose complete DMEM
supplied with 10 % FBS. The medium was changed every 24 h to remove
non-adherent cells. The adherent cells were passaged once reaching
subconfluence (designated as PO, 1, 2, and 3 to reflect the number of
passages) for in vitro assays.

2.4. Establishment of the reversibly immortalized keratinocyte cell line
(iKera)

The isolated mouse primary keratinocytes (less than 3 passages)
were used to generate the immortalized keratinocytes (iKera). Briefly,
the retroviral vector SSR#41 that expresses SV40 large T antigen (SV40
T) flanked with FRT sites was co-transfected with pCLAmpho packaging
vector into HEK-293 cells to produce packaged retrovirus as described
[26-35]. Subconfluent mouse primary keratinocytes were infected with
the packaged SSR#41 retrovirus. The infected keratinocytes were
selected with hygromycin B (0.3 mg/mL, Invitrogen) for 7-10 days, and
replated every 3 days. The resultant immortalized keratinocyte cell line
was designated as iKera, which has been passaged for more than 30
generations.

2.5. RNA isolation and touchdown-quantitative real-time PCR (TqPCR)

Total RNA was isolated by using the TRIZOL Reagent (Invitrogen,
China), and subjected to reverse transcription using hexamer and M-
MuLV reverse transcriptase (New England Biolabs, Ipswich, MA). The
cDNA products were used as PCR templates. Gene-specific PCR primers
were designed by using Primer3 program (Table S1). TQPCR was carried
out by using 2x SYBR Green qPCR Master Mix (Bimake, Shanghai,
China) on the CFX-Connect unit (Bio-Rad Laboratories, Hercules, CA) as
described [36-39]. All TqQPCR reactions were done in triplicate. Gapdh
was used as a reference gene. Quantification of gene expression was
carried out by using the 2788C4 method as described [38,40-42].

2.6. WST-1 cell proliferation assay

Exponentially growing cells were seeded in 96-well plates (2000
cells/well). At the indicated time points, the Premixed WST-1 Reagent
(Clontech, Mountain View, CA) was added, followed by incubating at
37 °C for 120 min and reading absorbance at 450 nm using a microplate
reader (Biotek, EON, USA) as described [43-46].

2.7. Crystal violet cell viability assay

Exponentially growing cells were seeded in 24-well plates (6000
cells/well). At the indicated time points, the cells were gently washed
with PBS and stained with 0.5 % crystal violet/formalin solution for 10
min. The stained cells were washed with tape water and air-dried for
scanning. For quantitative analysis, the stained cells were dissolved in
10 % acetic acid and measured for absorbance at 592 nm as described
[47-51].

2.8. Differentiation of iKera cells induced by all-trans retinoic acid
(ATRA)

Exponentially growing iKera cells were seeded in 60 mm dishes (1 x
10° cells) and treated with 1 pM ATRA or DMSO. Total RNA was isolated
and TqPCR was used to test the expression of genes related to kerati-
nocyte differentiation at days 3 and 5.

2.9. Tumorigenicity analysis of the iKera cells in athymic nude mice

The use and care of the athymic nude mice were approved by the
Research Ethics and Regulations Committee of Chongqging Medical
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University, Chongqing, China. The animals were obtained from and
housed in the Experimental Animal Research Center of Chongging
Medical University. The iKera-FLuc cells were stably transduced with
the firefly luciferase-expressing retroviral vector pSEB-FLuc as described
[31,52,53]. Exponentially growing iKera-FLuc cells were resuspended
and injected subcutaneously into the flanks of athymic nude mice
(6-week old, male, 2 x 10° cells per injection, and 4 sites per mouse).
Potential subcutaneous mass growth was assessed at 3, 7 and 14 days
after implantation by whole body bioluminescence imaging using the
IVIS Lumina Series III In Vivo Imaging System (PerkinElmer, Waltham,
MA). The acquired data were quantitatively analyzed by the Living
Image Software (PerkinElmer).

2.10. Construction and generation of recombinant adenoviruses

All recombinant adenoviruses used in this study were generated by
using the AdEasy technology [54-56]. The adenoviral vector Ad-FLP
was constructed and characterized in our previous studies [49,50,57,
58]. To construct the adenoviral vector expressing siRNAs targeting
SV40 T, we employed our previously developed pSOS-related FAMSi
system, in which siRNA expression is driven by the converging human
U6 and H1 promoters as described [17,19,59,60]. Three siRNA sites
targeting SV40 T were designed by using Invitrogen’s BLOCK-iT RNAi
Designer and/or Dharmacon Horizon Discovery’s siDESIGN programs
(Table S2). The oligo cassettes for the three siRNAs were subcloned into
a single adenoviral shuttle vector to generate recombinant adenoviral
vector and subsequently the adenovirus Adsi-LTA in 293pTP or RAPA
cells. Adsi-LTA also co-expresses the RFP marker gene. Adenoviral
vector expresses RFP (Ad-RFP) or GFP (Ad-GFP) alone was used as a
mock adenovirus control [40,61]. For all adenoviral infections, poly-
brene (8 pg/mL) was added to enhance infection efficiency as reported
[62,63].

2.11. Transmission electron microscope (TEM) analysis

Approximately 2 x 10° cells were collected by centrifugation at
1,200 rpm for 10 min. The cell pellets were fixed with 2.5 % glutaral-
dehyde and stored at 4 °C. The cell pellets were washed with 0.1 M
sodium cacodylate and further fixed with 4 % osmium tetroxide for 1 h,
followed by serial dehydration in ascending concentrations of acetone
(from 35 % to 100 %). The samples were infiltrated with a mixture of
acetone and resin at the ratio of 1:1 for 1 h, 1:2 for 2 h and 100 % resin
overnight as reported [64]. Finally, the samples were polymerized at 60
°C for 36 h prior sectioning to prepare the 90 nm thick sections using the
ultra-microtome Leica EM UC7 (Leica, Germany). The ultrathin sections
were stained with lead citrate/uranyl acetate, and analyzed under a
transmission electron microscope (Hitachi 7500, Japan).

2.12. Immunofluorescence (IF) staining

The IF staining was carried out as previously reported [24,25,27,65,
66]. Briefly, cells seeded and treated in chamber slides were fixed with 4
% paraformaldehyde for 15 min at RT, treated with 0.5 % Triton X-100
for 20 min, and blocked with 5 % goat serum (1:10 dilution) for 20 min
at RT, followed by incubating with primary antibodies against SV40 T
(1:50 dilution; Santa Cruz; Cat# sc-147), Krt10 (1:50 dilution; Bimake;
Cat# A5266), Krt1l4 (1:50 dilution; Bimake; Cat# A5434), and Krtl5
(1:50 dilution; Bimake; Cat# A5627) overnight. After being washed, the
cells were incubated with DyLight 594, goat anti-mouse IgG (1:200
dilution; Abbkine; Cat# A23410) or goat anti-rabbit IgG/APC (1:200
dilution; Bioss; Cat# bs-0295G-APC). The nuclei were counterstained
with DAPI (10 pg/mL). Minus primary antibody or control IgG was used
as a negative control. IF results were recorded by using a laser confocal
microscope (Leica TCS SP8).
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2.13. Preparation of conditioned medium (CM) and treatment of
immortalized keratinocytes (iKera), primary dermal fibroblasts (Fib) or
immortalized melanocytes (iMCs)

Conditioned medium (CM) was prepared as previously described
[67,68]. Briefly, 2 x 10° iKera cells were plated in 10 cm? cell culture
dishes. 293 cells were set up in the same fashion as the control condi-
tioned medium. The supernatants were collected from the cultured iKera
cells (iKera-CM) or 293 cells (293-CM) at 48 h, and filtered for culturing
the primary dermal fibroblasts (Fib) or melanocytes (iMCs). Subcon-
fluent Fib cells and iMCs were treated with iKera-CM or 293-CM for the
indicated time points for further analysis. 2 x 10° Fib cells were plated
in 10 cm? cell culture dishes. 293 cells were set up in the same fashion as
the control conditioned medium. The supernatants were collected from
the cultured Fib cells (Fib-CM) or 293 cells (293-CM) at 48 h, and
filtered for culturing the iKera cells. Subconfluent iKera cells were
treated with Fib-CM or 293-CM for the indicated time points for further
analysis.

2.14. Transwell co-culture of iKera and iMCs and melanin secretion assay

Melanin production was assessed qualitatively and quantitatively.
Briefly, 5 x 10° of iMCs per well were seeded in 6-well plates, while 5 x
10° iKera or 293 cells/well were seeded in 0.4 pm transwell inserts for
co-culturing experiments. Melanin secretion was analyzed under bright
field microscope at indicated time points as described [22]. For quan-
titative analysis, the iMCs from iKera or 293 co-culture were collected
for visual examination and lysed with 1 M NaOH for 5 min, followed by
absorbance determination at 470-490 nm as described [69].

2.15. Mouse cutaneous wound healing model and PPCN-iKera based
therapy

The experimental mouse skin wound healing model was established
as described [70]. The use and care of animals, and the experimental
procedures were approved by the Research Ethics and Regulations
Committee of Chongqing Medical University. Briefly, 12 male 6-week--
old athymic nude mice were divided into four groups. After the animals
were anaesthetized, the dorsal skin of each mouse was disinfected with
70 % alcohol; and 1-cm diameter full-thickness cutaneous wound was
created at the dorsum part of each mouse. In the Blank (sham) group, the
wounds were treated with 100 pL PBS/mouse as a control. In the iKera
group, the wounds were treated with 2 x 10° iKera cells in 100 pL
PBS/mouse. In the PPCN group, the wounds were treated with 100 pL
PPCN/mouse. In the PPCN + iKera group, the wounds were treated with
2 x 108 iKera cells in 100 pL. PPCN/mouse. All wounds were dressed
with sterile gauze. The mice were given antibiotics orally in drinking
water. Wound sizes were measured at days 0, 3, 6 and 9, respectively.
The average areas of wound openness in each group at the indicated
time points were calculated by using the Image-Pro Plus software (Media
Cybernetic, Rockville, USA).

2.16. H & E staining, Masson’s trichrome staining and sirius red staining

The skin wound healing samples (i.e., 1-cm diameter from the center
of the cutaneous wound) were retrieved from athymic nude mice at the
endpoint day 9. The samples were fixed, paraffin-embedded, and
sectioned along maximum diameter. Serial sections were deparaffinized,
rehydrated, and subjected to H & E staining, Masson’s trichrome
staining (Masson’s Trichrome Stain Kit, G1340, Solarbio, China), and
Sirius red staining (Picro Sirius Red solution, G1471, Solarbio, China) as
described [71,72].

2.17. Immunohistochemical (IHC) staining

IHC staining protocol was carried out by using the IHC staining (SP
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Kit, SP-9001, ZSGB-Bio, China) as described [73,74]. Briefly, the sec-
tions were deparaffinized and subjected to immunostaining with the
primary antibodies against Krt10 (1:50 dilution; Bimake; Cat# A5266),
Krtl5 (1:50 dilution; Bimake; Cat# A5627), Involucrin (1:50 dilution;
Bimake; Cat# A5788), SV40 T (1:50 dilution; Santa Cruz; Cat# sc-147).
The Biotin labeled goat anti-mouse IgG (SP Kit, SP-9000, ZSGB-Bio,
China) or goat anti-rabbit IgG (SP Kit, SP-9001, ZSGB-Bio, China) were
used to visualize the presence of the proteins of interest. Hematoxylin
was used to stain the nuclei. Sections incubated without primary anti-
bodies were used negative controls. The results were recorded under a
bright field microscope (Leica DM4B/Nikon 801).

2.18. Statistical analysis

All experiments were performed at least three times and/or repeated
three batches of independent experiments. Data were analyzed using
GraphPad Prism 7 and presented as the mean + standard deviations
(SD). Statistical significance was determined by one-way analysis of
variance and the student’s t-test for the comparisons between groups. A
value of p < 0.05 was considered statistically significant.

3. Results

3.1. Reversibly immortalized mouse keratinocytes (iKera cells) can be
effectively established via the stable expression of SV40 T (SV40 T)

Skin consists of the epidermis, dermis, hair follicle and sebaceous
gland; and the epidermis is the outermost layer of skin and consists of
15-20 layers of keratinocytes [2,3]. To establish a constant source of
keratinocytes for scaffold-based skin wound healing studies, we sought
to establish a reversibly immortalized keratinocyte line. We first isolated
the mouse primary keratinocytes (designated as Kera cells) from
newborn mice as described in methods (Fig. 1A, a to f). As SV40 large T
antigen (SV40 T) is one of the most commonly used immortalization
genes [27,50,75], the retroviral vector SSR#41, which expresses a
hygromycin B-resistance gene and SV40 T flanked with FRT sites, was
used to generate reversibly immortalized keratinocyte line, designated
as iKera cells (Fig. 1B). The Kera (0 PO) and iKera cells were morpho-
logically similar in vitro (Fig. 1C). The expression of SV40 T in iKera cells
was verified by TqPCR (Fig. S1A) and IF staining (Fig. 1D, and the
negative control was shown in Fig. S1B) in comparison with that in Kera
cells. Unlike Kera cells, the iKera cells could be passaged and maintained
high proliferative activity for at least 30 generations at the time when
this work was reported. We further demonstrated that iKera cells
exhibited higher proliferation rate and cell viability, compared with
Kera cells (P1) in WST-1 assay (Fig. 1E) and crystal violet cell viability
assay (Fig. 1F). These results indicate that the SV40 T-mediated
immortalization strategy was effective to establish the iKera cells as a
long-term keratinocyte line.

As shown in Fig. S1C, keratinocytes can be divided into five layers
from inside to outside: basal layer, spinous layer, granular layer, hyaline
layer and stratum corneum layer [2]. To test the mature and differen-
tiation potential of the iKera cells, we treated the iKera cells with 1 pM
ATRA for 3 and 5 days respectively, and found that the characteristic
genes related to basal layer (Krt5, Krt14 and Krt15), spinous layer (Krtl
Krt10 and IVL), granular layer (IVL and LOR) and stratum corneum layer
(LOR) were highly expressed, compared with that of the control group
by qPCR (Fig. S1D), suggesting that the iKera cells may retain the mature
and differentiation potential while maintaining long-term proliferative
activity.

To test whether the immortalization phenotype of the iKera cells was
reversible, we employed two strategies: 1) using a recombinant adeno-
virus overexpressing FLP recombinase (namely Ad-FLP) and 2) using a
recombinant adenovirus expressing siRNAs to silence SV40 T (namely
Adsi-LTA). The iKera cells could be effectively transduced by these ad-
enoviruses, along with control Ad-GFP or Ad-RFP virus (Fig. 1G). The



J. Zhong et al.

AQg

FPGY)  petetion ) FLP

Bioactive Materials 9 (2022) 523-540

anti-SV40 T

D

Neo

FRT | Genes | FRT|

ATG

ATG

iKera
200pm 100um
E 3 SO Day1 “Deiyz Day3 Day4  Day5 Day6 4
> iKera AN £ ~ F ”
: o3
£2 | ’ £ w4y _MiKera
o 1 o4
& o 2 *%
a1 x ] g
Kera _
- o1 Kera
T e A Mk = = e
0 24 48 72 96(h) 0 1 2 3 4 5 6(Day
G iKera H § '5
7] [}
o < g g
w -1 e g
) » w w
< / o b -
200um 260um [ % s
E E
o i & 2 2
QR o g g
o © B g
< WA < S 3
S - 200im x ©
41 iKera o 207 iKera
-
23 R 21.5 Ad-GFP
E Ad-GFP 3 E
& 2] Ad-FLP £1.0
*%k
8 11 P4 o Sos Ad-FLP
0 o b4
0-—w— T T - i 0.0-—T—T—T—T—T T
0 24 48 72 96(h) < 0 1 2 3 4 5 6(Day)
41 iKera
< 2.0
[ 8 -
23 Ad-RFP 3 > iKera
° i » 1.5
b 2] **Ad5| LTA % _g Ad-RFP
& < 31.0
[=] 1 hid [ 2 *
° o Sos
ol L Che >—s Adsi-LTA
0 24 48 72 96(h) S 0.0
< . T T 1 ] T 1 |
0 1 2 3 4 5 e6(Day)

TqPCR analysis indicates that SV40 T expression was significantly
reduced in the iKera cells transduced with Ad-FLP or Adsi-LTA,
compared with that treated with the control viruses (Fig. 1H). The
removal of SV40 T by Ad-FLP or silencing SV40 T by Adsi-LTA was
shown to significantly decrease the proliferation rate of the iKera cells
after 48 h as assessed by WST-1 assay (Fig. 1I). Both qualitative and
quantitative crystal violet cell viability assays further confirmed that the
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removal of SV40 T antigen or silencing SV40 T expression in the iKera
cells led to a significant decrease in cell viability and proliferation
(Fig. 1J). Even though SV40 T was likely partially removed or silenced in
the above assays, these results strongly suggest that the SV40 T-medi-
ated immortalization phenotype of the iKera cells may be reversible.
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Fig. 1. Establishment of the SV40 T-mediated reversibly immortalized mouse keratinocytes or iKera cells. (A) Steps of harvesting primary mouse keratinocytes: (a)
removal of lower forelimbs, hind limbs and tail close to the body; (b) the freshly stripped skin tissues; (c) overnight digestion of the skin tissues with trypsin-EDTA; (d)
the peeled keratin cambium tissues; (e) the cultured keratin cambium tissues after being minced into small pieces; and (f) the recovered and proliferating primary
keratinocytes (Kera). (B) The schematic representation of SV40 T-mediated retroviral vector SSR#41. The SV40 T gene is flanked with the FRT sites, allowing the
removal of SV40 T upon the expression of FLP recombinase. (C) The morphologic comparison of Kera (P0) and iKera cells under phase contrast microscope. (D)
Expression of SV40 T. Immunofluorescence (IF) staining was used to assess the expression and localization of SV40 T in Kera (P0) and iKera cells. The nuclei were
stained with DAPI. Representative results are shown. (E) Cell proliferation assay. WST-1 was used to assess the cell proliferation of Kera (P1) and iKera cells at 0, 24,
48, 72 and 96 h, respectively. “**” p < 0.01, “*” p < 0.05, Kera cells vs iKera cells. (F) Cell viability assay. Crystal violet staining assay and quantitative analysis were
used to assess the viability and proliferation of Kera (P1) and iKera cells at days 0, 1, 2, 3, 4, 5 and 6. “**” p < 0.01, Kera cells vs iKera cells. (G) Subconfluent iKera
cells were infected with Ad-FLP, Ad-GFP, Adsi-LTA and Ad-RFP, respectively. The fluorescence signals were recorded at 36 h after infection. (H) Removal and
knockdown of SV40 T expression in iKera cells. The iKera cells were infected with Ad-FLP, Ad-GFP, Adsi-LTA or Ad-RFP for 48 h. Total RNA was isolated for TQPCR
analysis of the expression of SV40 T in iKera cells. “*” p < 0.05, Ad-FLP group vs Ad-GFP group, “**” p < 0.01, Adsi-LTA group vs Ad-RFP group. (I) Effect of SV40 T
removal and silencing on cell proliferation of iKera cells. Subconfluent iKera cells were infected with Ad-FLP, Ad-GFP, Adsi-LTA, or Ad-RFP. WST-1 was used to assess
the cells proliferation at O h, 24 h, 48 h, 72 h and 96 h. “**” p < 0.01, Ad-FLP group vs Ad-GFP group, Adsi-LTA treated group vs Ad-RFP treated group. (J) Cell
viability upon the removal or silencing of SV40 T in iKera cells. Subconfluent iKera cells were infected with Ad-FLP, Ad-GFP, Adsi-LTA or Ad-RFP. Crystal violet cell
viability assay and quantitative analysis were used to assess cell viability and proliferation of the iKera cells. “**” p < 0.01, “*” p < 0.05, Ad-FLP group vs Ad-GFP
group, or Adsi-LTA group vs Ad-RFP group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

<

3.2. The iKera cells retain the ultrastructure of keratin filaments, express compared with that of the control conditioned medium, the conditioned
characteristic markers of keratinocytes and are responsive to UVB medium prepared from iKera cells significantly enhanced cell prolifer-
irradiation-induced inhibition of cell proliferation ation and viability of the melanocyte iMCs as assessed by WST-1 assay
(Fig. 3A), and crystal violet assay (Fig. 3B). Co-culture of the iMCs and
We first compared the ultrastructure features between primary Kera iKera cells was shown to promote the secretion and production of
and the iKera cells. As profilaggrin is synthesized at the granular layer melanin of iMCs cells, compared with the control cells, both qualita-
and stored in keratohyalin granules, and proteolyzed and broken down tively (Fig. 3C) and quantitatively (Fig. 3D). Furthermore, co-culture
into many filaggrin monomers when granular cells differentiate to cor- with the iKera cells significantly impacted the expression of the genes
nified cells, leading to the disappearance of the nucleus and cell or- related to synthesis and secretion of melanin, such as Mmp1, 3, 14, 16
ganelles, but retention of keratin filaments, a prominent characteristic of and 20 (Fig. 3E).
keratinocytes [76]. TEM ultrastructure analysis revealed that abundant During cutaneous wound healing process, the activated keratino-
keratin filaments were presented in both Kera and iKera cells (Fig. 2A). cytes produce numerous signaling molecules such as IFN-y, TGF-f, while
We next conducted qPCR analysis and determined the expression of dermal fibroblasts (Fib) synthesize collagen, and fibronectin, and act on
the well-established keratinocyte markers [77,78]. We found that the both dermal melanocytes and dermal fibroblasts to repair wounds [2,5],
expression of most of these marker genes, especially Tnf-a, Tgf-a, Krtl, allowing the migration of dermal fibroblasts along the fibrin network
Krt5, Krt14 and Krt15, was readily detected in both Kera and iKera cells and the wound edges and the initiation of re-epithelialization from the
(Fig. S1E). Immunofluorescence staining assay further confirmed the wound edges [80]. We found that conditioned medium prepared from
expression of Krtl0, Krtl4 and Krtl5 in the Kera and iKera cells iKera cells promoted the cell proliferation of primary dermal fibroblasts
(Fig. 2B). Collectively, these results indicate the iKera cells possess (Fib), or vice versa, as assessed by WST-1 assay (Fig. 3F), or crystal violet
structural and marker expression characteristics of keratinocytes. cell viability assay (Fig. 3G). Since it has been reported that keratino-
We analyzed the effect of UVB irradiation on iKera cell proliferation. cytes can promote dermal fibroblasts to synthesize and secrete growth
When subconfluent iKera cells were treated with different doses of UVB factors and cytokines [81], we found that iKera conditioned medium
irradiation, we found that cell proliferation was inhibited by UVB in a impacted the expression of growth factor and cytokine genes, such as

dose-dependent and time-dependent fashion (Fig. S1F).We found that Egfr, IL1r1, Mmp1, P38, Kgf, and Csf2 in the dermal fibroblasts (Fib) as
treatment with 225 pw/cm? UVB began to suppress the proliferation of assessed by TqPCR analysis (Fig. 3H). Collectively, these results

iKera cells at 48 h (Fig. 2C). It has been reported that in response to demonstrate that the iKera cells possess the similar biological charac-
DAMPs (damage-associated molecular patterns) released by host cells teristics of primary keratinocytes.

during UVB irradiation or wounding, keratinocytes produce a variety of As there is a likelihood that immortalized cells may acquire tumor-
pro-inflammatory cytokines or chemokines [4,77]. We found that the igenic potential [82], we sought to test if the iKera cells had a tendency
expression of most pro-inflammatory cytokine or chemokine genes to form tumors in vivo. The iKera cells were first stably labeled with
related to radiation, such as Egf, Csf2, Csf3, Cxcl10, Cxcl15 and IL-1a, firefly luciferase (namely iKera-FLuc) with retroviral vector, and injec-
was significantly induced upon 225 pw/cm? UVB treatment in both Kera ted subcutaneously into the flanks of athymic nude mice. Through whole
and iKera cells at 48 h (Fig. 2D). Meanwhile, the WST-1 assay confirmed body bioluminescence imaging using Xenogen IVIS 200, the biolumi-
that UVB treatment significantly inhibited the cell proliferation and nescence signal was readily detected at day 3 after injection, but
viability of the iKera cells from 24 h to 72 h (Fig. 2E), and the crystal significantly decreased at day 7, and completely disappeared at day 14
violet staining confirmed that UVB treatment significantly inhibited the after injection (Fig. 3I). The animals were monitored for an extended
cell viability of the iKera cells from Day 2-5 (Fig. 2F) [4,77]. Collec- period, and no detectable subcutaneous masses were observed for up to
tively, these results demonstrated that the iKera cells, were highly six weeks, indicating that the iKera cells were not tumorigenic in vivo.
similar to primary keratinocytes at ultrastructure level and in marker Collectively, the above in vitro and in vivo results demonstrate that the
expression, and were sensitive and responsive to UVB irradiation iKera cells maintain long-term proliferative activity while retaining the
treatment. biological characteristics of primary keratinocytes, suggesting that the

iKera cells may be used as a valuable source of keratinocytes for opti-
mizing scaffold-based skin wound healing strategy or skin tissue engi-
3.3. The iKera cells promote melanogenesis and the proliferation of neering studies.
melanocytes and dermal fibroblasts

As it has been reported that keratinocytes can stimulate the prolif-
eration and melanogenesis of melanocytes [79], we found that,
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Fig. 2. The ultrastructural and functional characteristics of iKera cells. (A) The ultrastructure of the iKera and primary Kera cells. TEM was used to assess the ul-
trastructure of the Kera and iKera cells. The keratin filaments are indicated by red arrows. Representative results are shown. (B) Expression of keratinocyte markers in
the iKera cells. IF was used to assess the expression and localization of Krt10, Krt14 and Krt15 in Kera and iKera cells. The nuclei were counter-stained with DAPIL.
Representative results are shown. NC, negative control (minus primary antibody or control IgG). (C) The iKera cells are sensitive to UVB. The iKera cells were treated
with 225 pw/cm? UVB for 48 h and observed under light microscope at 48 h. Representative results are shown. (D) UVB-induced gene expression in the Kera and
iKera cells. Subconfluent Kera (P1) and iKera cells were treated with 225 pw/cm2 UVB for 48 h. Total RNA was isolated for TQPCR analysis to assess the expression of
the irradiation responsive genes. “**” p < 0.01, UVB treated group vs Blank group. (E) Effect of UVB radiation on cell proliferation of the iKera cells. Subconfluent
iKera cells were seeded in 96-well plates and treated with 225 pw/cm? UVB. WST-1 was used to assess the cells proliferation at 0 h, 24 h, 48 h and 72 h. “**” p < 0.01,
UVB treated group vs Blank group. (F) Effect of UVB radiation on cell viability of the iKera cells. Subconfluent iKera cells were seeded in 24-well plates and treated
with 225 pw/cm? UVB. Crystal violet cell viability assay and quantitative analysis were used to assess cell viability and proliferation of the iKera cells at days 0, 1, 2,
3,4, and 5. “**” p < 0.01, UVB treated group vs Blank group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. The effect of iKera cells on melanocytes and dermal fibroblasts. (A) The effect of the iKera cells on melanocyte proliferation. Subconfluent iMCs were plated in
96-well plates and cultured with the conditioned medium (CM) of iKera cells. WST-1 assay was used to assess iMCs proliferation 0 h, 24 h, 48 h and 72 h. “**” p <
0.01, the iKera cells CM cultured group vs the control medium group. (B) The effect of the iKera cells on melanocyte viability and proliferation. Subconfluent iMCs
were seeded in 24-well plates and cultured with the CM of iKera cells. Crystal violet cell viability assay and quantitative analysis were carried out to assess the cell
viability and proliferation of iMCs at days 0, 1, 2, 3, 4, and 5. “**” p < 0.01, the iKera cell CM cultured group vs the control medium group. (C) & (D) The effect of the
iKera cells on melanocyte maturation and differentiation. Subconfluent iMCs were co-seeded with iKera cells in 6-well plates. The melanin production was monitored
under phase contrast microscope at 0, 24, 48, and 72 h (C). Alternatively, the cells were collected at 72 h and lysed for the quantitative analysis of melanin (D).
Representative results are shown. “**” p < 0.01, iKera co-cultured group vs control group. (E) The effect of the iKera cells on the expression of melanin secretion-
associated genes in melanocytes. Subconfluent iMCs cells were seeded in 6-well plates and co-cultured with the iKera cells. Total RNA was isolated at 36 h and 72 h
for TQPCR analysis of the genes related to melanin secretion. “**” p < 0.01, “*” p < 0.05, iKera co-cultured group vs the iMCs only group. (F & G) Subconfluent iKera
or fibroblast (Fib) cells were seeded in 96-well plates (F) or 24-well plates (G), and cultured with the CM of Fib cells or iKera cells. WST-1 assay was used to assess
cells proliferation of iKera at 0, 24, 48 and 72 h after cultured with Fib CM, “**” p < 0.01, Fib CM group vs the control medium group (F panel a), WST-1 assay was
used to assess cells proliferation of Fib cells at 0, 24, 48 and 72 h after cultured with iKera CM, “**” p < 0.01, iKera CM group vs the control medium group (F panel
b). Alternatively, the crystal violet cell viability assay and quantitative analysis were used to assess cells proliferation of iKera cells (a) or Fib cells (b) at days 0, 1, 2,
3,4,and 5. “**” p < 0.01, “*” p < 0.05, Fib or iKera CM group vs the control medium group (G panel a and b). (H) The effect of iKera cells on the expression of dermal
fibroblast markers. Subconfluent Fib cells were cultured with iKera CM for 36 h and 72 h. Total RNA was isolated for TQPCR analysis to assess the expression of
fibroblast marker genes. “**” p < 0.01, the iKera CM group vs the control medium group. (I) The iKera cells are non-tumorigenic. Subconfluent iKera cells stably
tagged with FLuc (iKera-FLuc) were subcutaneously injected into the flanks of athymic nude mice as described in the Methods. The animals were subjected to
Xenogen IVIS 200 whole body bioluminescence imaging at days 3, 7 and 14. Representative results are shown. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)

3.4. The characteristics of the citrate-based scaffold PPCN healing model was established as described [70]. The animals were
divided into four groups: Blank, PPCN, iKera cells, and iKera + PPCN
The citrate-based polymer gel PPCN [(polyethylene glycol citrate-co- (Fig. 5A, panels a-d). While the skin wounds failed to close completely at

N-isopropylacrylamide)] has a hierarchical architecture of micropores day 9, the wounds were almost completely closed in other three groups
and can accommodate live cells in vivo [13]. The synthesis of PPCN was at day 9, and the combination of iKera and PPCN provided the fastest
previously described [13] and is shown in Fig. 4A. The newly synthe- closure of the cutaneous wounds in the mouse model (Fig. 5A panels bc
sized PPCN was further characterized. Specifically, the proton nuclear vs. d & Fig. 5B). These results indicate that while the iKera cell alone or
magnetic resonance (\H NMR) was used to confirm the chemical PPCN scaffold alone may promote cutaneous wound healing to certain

structure of PPCN. The composition of PPCN is verified by 'H NMR (600 extents, PPCN loaded with the iKera cells can effectively facilitate skin
MHz, DMSO-dg, ppm): 3.91 (s, 1H), 3.81 (t, 2H), 3.73 (s, 4H), 3.66 (t, wound healing in the mouse model.
2H), 2.53-2.68 (q, 4H), 2.03-2.14 (d, 1H), 1.47-1.74 (t, 2H), 1.17 (s,

6H) (Fig. 4B). PPCN were further characterized by FT-IR to verify its 3,6, The combination of iKera cells and PPCN scaffold yields optimal

structure. The absorption of O-H stretching was observed at 3280 em L histologic restoration and re-epithelialization during skin wound healing
The peaks displayed from 2873 to 2971 cm ™! were corresponding to

symmetric and asymmetric stretching vibration of C-H bond. The C=0 Severe acute skin loss injury usually leads to serious host response
stretching of both ester and carboxylate groups are located at 1639 and involved in tissue granulation and re-epithelialization, which is char-

1544 cm™'. The peaks located at 1455 and 1387 cm™ ' were C-O-H acterized by a rapid proliferation of fibroblasts to deposit randomly
vibration and C-H bending. The strong absorption bands of C-O oriented collagen fibers to fill the tissue defect, and the migration of

stretching vibration were shown at 1102 cm ™. The wavenumber ranged keratinocytes and contraction of myofibroblasts to restore the barrier,
from 400 to 4000 cm ™" with the resolution of 4 cm ™ and scans of 32 resulting in a fibrotic scar [7,8,85]. The fibrotic scar is a disorganized
(Fig. 4C). These results validated the chemical structure of PPCN used in and flawed tissue with limited or no native skin functions such as
the study. sensation and elasticity. Thus, the histologic features of skin wound
The rheological properties of PPCN were analyzed by TA Discovery healing are important criteria to assess the restoration of native skin
HR 20 hybrid rheometer. The temperature ramp rheological curves functions.
revealed that at low temperature (<29 °C), the loss modulus (G”) was In order to accurately and quantitatively assess the wound healing
higher than storage modulus (G'), indicating a liquid-like material. efficiency and functional restoration, the retrieved samples were care-
Above 29 °C, both G’ and G” dramatically increase. After a crossover of fully processed, embedded and sectioned as illustrated in Fig. 6A. H & E
G’ and G”, the storage modulus was higher than loss modulus, indicating stain analysis revealed that, at both lower and higher magnifications, the
the hydrogel formation. The crossover of moduli is corresponding to wounding area was partially covered with a thin layer of disorganized
lower critical solution temperature (LCST) of PPCN, which is 29.74 °C fibrotic tissue in the blank control group (Fig. 6B-a), whereas the
(Fig. 4D). The thermorepsonsiveness of PPCN was further shown in wounding area was almost completely covered with a thick layer of
Fig. 4E, i.e., in liquid form under 26 °C and transient to solid form above disorganized fibrotic tissue in the PPCN group (Fig. 6B-b). While the
30 °C. When iKera cells were transduced with Ad-GFP adenovirus and addition of the iKera cells partially improved the re-epithelization of the
mixed with gelatin-containing PPCN to form 3-D culture in vitro (Fig. 4F, wounding area in the iKera group (Fig. 6B-c), the combination of iKera
panel a), GFP signal from the entrapped iKera cells lasted at least up to cells and PPCN scaffold yielded rather well-organized full thickness skin
10 days (Fig. 4F, panel b), supporting the excellent biocompatibility of  features and re-epithelization of the wounding area, compared with that
PPCN. of the normal skin tissue (Fig. 6B- d vs. e). It is noteworthy that a sig-
nificant restoration of skin accessory structures in the dermis region of
3.5. The iKera cells facilitate citrate-based scaffold PPCN-promoted the wound areas was observed in both the iKera cell group and the iKera
cutaneous wound healing in vivo + PPCN group (Fig. 6B).
Masson’s trichrome is a commonly-used specialty staining method to
We previously used PPCN gel as a vehicle for the in vivo delivery of distinguish cells from surrounding connective tissue. Masson staining
various types of mesenchymal stem cells for bone regeneration studies showed that a lot of collagen fibers (stained in blue) generated at the
[15,19,23,29,49,72,83,84]. Here, we tested whether PPCN could serve wound healing in the dermis layer in other four groups, compared with
both as a scaffold and vehicle for delivering iKera cells to promote skin that of the normal group. Meanwhile, the stratum corneum in the blank
wound healing in a mouse model. The experimental mouse skin wound group and the PPCN group were thicker than that in both the iKera cell
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Fig. 4. Characterization of the citric acid-based scaffold material PPCN. (A) The chemical synthesis scheme of PPCN. The synthesis scheme of PPCN was modified
from Yang J et al. [13]. (B) Proton NMR spectrum of PPCN. The composition of PPCN is verified by TH NMR (600 MHz, DMSO-dg, ppm): 3.91 (s, 1H), 3.81 (t, 2H),
3.73 (s, 4H), 3.66 (t, 2H), 2.53-2.68 (q, 4H), 2.03-2.14 (d, 1H), 1.47-1.74 (t, 2H), 1.17 (s, 6H). (C). FT-IR spectrum of PPCN. PPCN was characterized by FT-IR to
verify its structure. The absorption of O-H stretching was observed at 3280 cm ™. The peaks displayed from 2873 to 2971 cm ™! were corresponding to symmetric and
asymmetric stretching vibration of C-H bond. The C=O stretching of both ester and carboxylate groups are located at 1639 and 1544 cm ™', The peaks located at
1455 and 1387 cm ™! were C-O-H vibration and C-H bending. The strong absorption bands of C-O stretching vibration were shown at 1102 cm ™. (D) Temperature
ramp rheological features of PPCN. The temperature ramp rheological curves of 100 mg/mL PPCN aqueous solution are shown. At low temperature (<29 °C), the loss
modulus (G”) is higher than storage modulus (G'), indicating a liquid-like material. Above 29 °C, both G’ and G” dramatically increase. After a crossover of G’ and G”,
the storage modulus is higher than loss modulus, indicating the hydrogel formation. The crossover of moduli is corresponding to lower critical solution temperature
(LCST) of PPCN, which is 29.74 °C. (E) The thermoresponsive feature of the citrate-based polymer scaffold PPCN. The PPCN gel has a critical solution temperature of
26 °C, and transforms to solid form above 30 °C. The polymeric structure of PPCN was modified from Yang J et al. [13]. (F) Biocompatibility of PPCN. The iKera cells
were infected with Ad-GFP for 24 h, collected and mixed with PPCN/gelatin, followed by seeding in a cell culture dish (a). GFP signal from the infected viable iKera
Eells was recorded at the indicated time points (b). Representative images are shown.

group and the iKera + PPCN group (Fig. 6C). external force. Since the in vivo studies were only carried out in athymic

Similarly, Sirius red staining revealed that significant amounts of nude mice, in which the potential impacts of T lymphocyte immunity,
collagen deposition in the reticular dermis region were observed in all melanocytes and hair follicle cells in epidermis were ignored. Thus,
groups, compared with that in the normal control skin dermis (Fig. 6D), other animal models are needed to further explore the role of kerati-
indicating the existence of active wound repair process. Collectively, the nocytes in skin wound healing process. It is also noteworthy that, since
histologic analysis results demonstrate that, even though the PPCN we demonstrated iKera cells were sensitive to UVB irradiation and
alone or the iKera cells alone was shown to promote wound closure by actively communicated with melanocytes and dermal fibroblasts, the
forming disorganized multi-layered structures, only did the combination iKera cells may have applications in skin burn injury, skin radiation
of the iKera and PPCN group show the effective restoration of the well- injury, pigmentation, scar hyperplasia and other skin related disorders
organized full thickness skin-like structures. through skin tissue engineering.

We also examined the expression of keratinocyte differentiation
markers. IHC staining analysis indicated that the expression of kerati-
nocyte markers Krt15, Krt10 and Involucrin was readily detected in all
groups (Fig. 6E), compared with that of the negative controls (Fig. S2),
although high levels of expression were constantly observed in the iKera
-+ PPCN group (Fig. 6E) [13].

To track down the fate or status of the implanted iKera cells, we
performed the IHC staining of the retrieved samples with anti-SV40 T
antibody. Our IHC results showed that, while there was no positive
staining observed in the blank, PPCN and normal groups, there was
weak to modest positive staining in the stratum corneum of the wound
healing center in the iKera + PPCN group. A strong positive staining was
observed in the dermis tissue surrounding the center of wound that was
not completely healed in the iKera group (Fig. 7A & B). These results
indicate that the implanted iKera cells concentrated in the stratum
corneum above the dermis of unhealed skin. While the exact mechanism
underlying iKera cells in skin regeneration is not clear, we speculate that
iKera cells may promote re-epithelialization of skin wound by directly
participating in the wound repair process, and/or interact with dermal
fibroblasts to accelerate wound contraction and hence healing process.

4.2. Keratinocyte availability may be essential to the quality of skin
wound healing

Normal wound healing is a dynamic multi-phase process that re-
quires coordinated interactions between growth factors and various cells
[1,8]. As the major cellular component of the epidermis, keratinocytes
are epithelial cells of ectodermal origin and responsible for the pro-
duction of the major extracellular protein keratin of the epidermis, thus
playing a critical role in re-epithelialization [1,8]. Thus, keratinocytes
play an essential role in cutaneous wound healing. Nonetheless,
numerous efforts have been devoted to explore the potential use of stem
cells to improve the rate and quality of wound healing and/or skin
regeneration [1,8,9].

The use of embryonic stem cells (ESCs) is limited due to the concerns
about immunogenicity and tumorigenicity, as well as possible ethical
controversy and legal restrictions [86]. Induced pluripotent stem cells
(iPSCs) are reprogrammed adult somatic cells and have potential use for
skin wound healing, although it remains a challenge to effectively direct
the iPSCs to differentiate into various skin cells including keratinocytes
[87]. Furthermore, possible tumorigenic potential of iPSCs remains a
concern. Mesenchymal stem cells (MSCs) are somatic progenitor cells
that can self-renew and differentiate into multiple cell types including
skin cells [88]. It has been reported that MSCs induced wound healing
with little immunoreactivity in the host after local transplantation or
systemic administration [1,7,8]. While MSCs are most commonly
derived from adult bone marrow, they can also be isolated from many
other tissues such as adipose tissue, umbilical cord blood, or peripheral
blood [1,7,8]. Since undifferentiated MSCs can produce cytokines and
exert immunomodulatory functions, MSCs have long been studied for
their beneficial effects on wound healing [1,7]. However, the overall
efficacy of MSC-based therapies is often difficult to assess due to the
phenotypic variation of MSCs used. The isolation process of MSCs is
time-consuming, and yet limited numbers of autologous MSCs can be
harvested for large wounds. Furthermore, it remains a challenge to drive
MSCs to differentiate into skin cells with high efficiency, and thus these
progenitor cells have limited use in point-of-care settings.

In this study, we demonstrated that the reversibly immortalized
keratinocytes iKera can serve as a valuable epithelial cell source for
cutaneous wound healing and skin regeneration. Interestingly, a
commercially available point-of-care product known as ReCell Autolo-
gous Cell Harvesting Device is an autologous skin cell suspension spray

4. Discussion

4.1. The iKera cells retain the characteristics of keratinocytes and lend
themselves as a valuable resource to cell-based skin tissue engineering
research

In this study, we established the iKera cells and demonstrated these
cells were non-tumorigenic in athymic nude mice. More interestingly,
the iKera cells were only weakly detected at the repaired skin wound in
the iKera + PPCN group as assessed by anti-SV40 T IHC staining, even
though the SV40 T was not removed in the implanted iKera cells. These
results strongly suggest that the iKera cells may actively participate in
the repair process and become more differentiated or less proliferative
keratinocytes. Thus, the iKera cells should have an acceptable biosafety
profile for in vivo use.

As a proof-of-concept experiment, we demonstrated that the citrate-
based scaffold PPCN embedded with iKera cells provided more effective
cutaneous wound healing and re-epithelization than that of either PPCN
or iKera cells alone in a mouse skin wound model. While the skin injury
model does not represent a full cycle of skin replacement in mice (~28
days), our model does reflect the natural healing process without any
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Fig. 5. The iKera cells entrapped in the citrate-based scaffold PPCN promote skin wound healing. (A) The effects of the iKera cells and/or PPCN gel on skin wound
healing. The 1-cm diameter full-thickness skin wound was created at the dorsum part of each mouse, and the mice were divided into four groups: Blank (a; 100 pL
sterile PBS), PPCN (b; 100 pL PPCN), iKera cells (¢; 2 x 10° of iKera cells in 100 uL PBS), and iKera + PPCN (d; 2 x 10° iKera cells in 100 pL PPCN, mixed at 20 °C).
(B) Quantitative measurement of skin wound healing rate. The opening areas of skin wounds were measured and calculated at days 0, 3, 6 and 9. “**” p < 0.01, “*” p

< 0.05, the PPCN group, the iKera group, or the iKera + PPCN group compared with that of the Blank group at respective time points;

o H p < 0.01, the iKera +

PPCN group compared with that of the PPCN group at day 9; “*™” p < 0.01, the iKera + PPCN group compared with that of the iKera group at day 9.

system, which uses non-cultured autologous skin cells harvested from a
patient [7]. The harvested skin cells were suspended in solution and
sprayed on the wound, allowing the cells to adhere to the target tissue
surface [89]. Such cell suspension was shown to predominantly contain
keratinocytes (~64 %) and dermal fibroblasts (~30 %), with a small
population of melanocytes (~3.5 %) [89]. A comparative clinical study
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of ReCell and autologous split-thickness skin grafting (STSG) in the
treatment of acute burns revealed that ReCell was as effective as STSG,
while requiring almost 40 times less donor tissue, as well as less pain at
the ReCell donor sites and improved appearance relative to STSG [7,90].
It is conceivable that reversibly immortalized or transiently immortal-
ized keratinocytes, along with dermal fibroblasts and melanocytes, may
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Fig. 6. Histologic and epithelization evaluation of iKera and/or PPCN-mediated skin wound healing. (A) Schematic representation of the region of interest for
histologic evaluation. Skin tissue encompassing the whole wound healing area (dotted yellow circle) was harvested for tissue processing, while the center region of
wound healing (dotted red cycle and highlighted blue area) was the sampling center for histologic comparison of different groups. (B) H & E histologic analysis. The
skin samples (a to d) were prepared as described in (A) and subjected to paraffin-embedding, sectioning, and H & E staining. Normal mouse skin control (e) was
prepared from the healthy full-thickness skin of the hip area. The keratinocyte layer was indicated with blue arrows, while representative skin appendages were
indicated with blue circles. (C) & (D) Masson staining and Sirius red staining. The sections prepared from (A) were subjected to Masson staining (C) and Sirius red
staining (D). The epidermal fibers in the epidermis layer (red staining) were indicated with green arrows (C), while the collagen fibers in dermis layer were indicated
with yellow asterisk signs “*” (C & D). (E) Expression of epithelization markers. The retrieved and embedded skin samples were subjected to immunohistochemical
(IHC) staining with antibodies against Krt15, Krt10 and Involucrin. Different magnifications were recorded under bright field microscope (see extended data in
Fig. S2). Control IgG was used as a negative control (Fig. S2B). Representative results are shown. (For interpretation of the references to colour in this figure legend,
tPe reader is referred to the Web version of this article.)
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Fig. 7. Location of the iKera cells at the skin injury repair site. The retrieved and embedded skin samples from the Blank group (a), the PPCN group (b), the iKera
group, the iKera + PPCN group (d) and the Normal group (e) were subjected to immunohistochemical (IHC) staining with the anti-SV40 T antibody. Two areas of
interest (A & B) are shown in the diagrams. Different magnifications were documented under a bright field microscope. Control IgG was used as a negative control
(Fig. S2B). Representative results were shown.

serve a valuable allogeneic or xenogeneic cell source for wound repair if regulatory roles in maintaining cell energy homeostasis [10-12]. In fact,
potential recipient immune response can be mitigated. it was reported that extracellular citrate uptake through citrate trans-
porter SLC13a5 supported osteogenic differentiation via regulation of
energy-producing metabolic pathways, leading to elevated cell energy
status that fuels the high metabolic demands of hMSCs osteodiffer-
entiation [12]. We have recently demonstrated that PPCN-based scaf-
folds effectively supported bone formation from BMP9-stimulated MSCs
[18,51,72,91]. Interestingly, the incorporation of copper metal organic
framework nanoparticles (HKUST-1 NPs) within the antioxidant ther-
moresponsive citrate-based PPCN hydrogel induced angiogenesis,
collagen deposition, and re-epithelialization during wound healing in
diabetic mice [92]. Thus, it is conceivable that citrate-based scaffold
materials may provide metabologenic advantage of cell-based therapies
or tissue engineering to treat chronic wound healing.

4.3. Citrate-based scaffold may provide metabonegenic advantage for
cell-based therapy to treat chronic skin wounds

Numerous scaffold materials, especially hydrogels, have been
investigated for skin wound healing and/or skin regeneration [7]. It is
conceivable that biomaterial scaffolds such as the extracellular matrix
(ECM) or individual components of the ECM including collagen, laminin
or hyaluronan, are more appealing for skin wound healing since they are
more responsive to and optimized for the physiologic and biomechanical
requirements of wound tissue [8,9].

In this study, we focused on the citrate-based, biodegradable, and
thermoresponsive polymer gel PPCN [13]. Citrate is normally an inte-
gral component in native bone and stored in bone matrix, which can be
released during bone resorption. Citrate is also a key intermediate
metabolite in the tricarboxylic acid (TCA) cycle, and thus plays crucial

5. Conclusion

In this study, we established the reversibly immortalized
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keratinocytes (iKera) from mouse epidermis tissues by stably expressing
SV40 large T antigen (SV40 T), which is flanked with FRT sites. The
immortalization phenotype of the iKera cells could be effectively
reversed by the FLP recombinase or silencing SV40 T. The iKera cells
exhibited typical characteristics of keratinocytes by expressing kerati-
nocyte markers, and were highly responsive to UVB-induced inhibition
of cell proliferation, as well as ATRA-induced differentiation. While
retaining long-term proliferative activity in culture, the iKera cells were
non-tumorigenic in xenograft tumor formation assay. Using the iKera
cells, we demonstrated that the citrate-based scaffold PPCN embedded
with iKera cells provided more effective cutaneous wound healing and
re-epithelization than that of either PPCN or iKera cells alone, in a
mouse skin wound model. Therefore, our results demonstrate that the
reversibly immortalized keratinocyte iKera cells can serve as a valuable
epithelial cell source, in combination with the biocompatible scaffolds,
for skin tissue engineering to treat skin burn injury, skin radiation
injury, pigmentation, scar hyperplasia and other skin related disorders.
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Abbreviations

iKera mouse immortalized keratinocytes

Kera mouse primary keratinocytes

iKera-FLuc iKera cells stably expressing firefly luciferase
PO Passage 0

SV40 T SVA40 large T antigen

TqPCR  touchdown quantitative real-time PCR

LSCM laser scanning confocal microscopy

IF immunofluorescence

ATRA  all-trans retinoic acid
Ad-FLP  Adenoviral vector expressing FLP recombinase
Ad-GFP  Adenoviral vector expressing green fluorescent protein (GFP)

Ad-siLTA Adenoviral vector expressing siRNAs that silence SV40 T

Ad-RFP  Adenoviral vector expressing red fluorescent protein (RFP)
TEM Transmission electron microscope

iMCs immortalized mouse melanocytes

Fib mouse primary dermal fibroblasts

PPCN poly (polyethyleneglycol citrate-co-N-isopropylacrylamide)
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