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a b s t r a c t

Objective: The physiological process of wound healing is dynamic, continuous, and intricate. Nowadays,
full-thickness burn wounds are treated by autologous skin transplantation. Unfortunately, when sub-
stantial burns develop, there are fewer donor sites accessible, making it difficult to satisfy the require-
ment for large-scale skin transplants and increasing the risk of patient mortality. This study investigated
the possibility of using a newly created hypoimmunogenic epidermal cell sheet to heal skin wounds.
Methods: Transfection with lentivirus was used to generate Keratinocytes (KCs) that overexpress Indo-
leamine 2,3-Dioxygenase (IDO). Western blotting and quantitative polymerase chain reaction were used
to measure IDO levels. To evaluate the function of IDOþ keratinocytes, CCK-8 and Transwell assays were
performed. In cell sheet induction media, KCs and Fibroblasts (FBs) were cultured to yield epidermal cell
sheets. The full-thickness skin excisions of BALB/c mice were transplanted with epidermal cell sheets. To
assess the tumorigenicity of IDOþ keratinocytes, BALB/c nude mouse xenograft models were also used.
CD3 and CD31 immunofluorescence labeling of wound tissue on day 12 to identify T lymphocyte infil-
tration and capillary development. ELISA measurement of IL-1 and TNF-a concentrations.
Results: IDO þ keratinocytes dramatically enhanced the expression levels of IDO mRNA and protein, as
well as the amount of kynurenine in the conditioned media of IDOþ keratinocytes, compared to the
Control and NC groups. CD8þ T cell apoptosis was considerably greater in the IDO group than in the
Control and NC groups. Nevertheless, the proliferation and migratory capabilities of IDOþ keratinocytes
were not substantially different from those of the Control and NC groups. In vitro cultivation of the
hypoimmunogenic epidermal cell sheet was effective. In vivo transplantation experiments demonstrated
that IDOþ epidermal cell sheets can effectively promote wound healing without tumorigenicity, and
IDOþ epidermal cell sheets may promote wound healing by decreasing the expression levels of in-
flammatory factors (TNF and IL-1) in wound tissue, decreasing CD3þ T lymphocytes, and increasing
infiltration and new capillaries in wound tissue.
Conclusion: In this study, we successfully constructed the hypoimmunogenic epidermal cell sheet and
demonstrated that the hypoimmunogenic epidermal cell sheet could accelerate wound healing.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Wound healing is a dynamic, progressive, and complicated
physiological process involving several cellular processes, including
proliferation, adhesion, chemotaxis, and apoptosis [1]. The
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epidermis, dermis, and accessory organs such as hair follicles,
sweat glands, and sebaceous glands are destroyed by a full-
thickness skin defect or severe burn. The two most critical cells
involved in wound healing [2] are skin fibroblasts (FBs) and kera-
tinocytes (KCs). At present, the treatment of full-thickness burn
wounds relies on autologous skin transplantation. Nowadays, full-
thickness burn wounds are treated by autologous skin trans-
plantation [3]. Recently, high-density cell sheet structures con-
taining solely cells and their secreted extracellular matrix have
been manufactured using cell sheet technology. These cultivated
sheets may be transplanted into specific host tissues without the
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need for biodegradable scaffolds or sutures. Also produced are cell
sheets, including two or more types of cell sources [4,5]. Never-
theless, when substantial burns occur, donor sites are restricted,
making it difficult to fulfill the need for large-scale skin (or allogenic
skin replacement) grafts, thereby increasing the risk of patient
mortality [6]. In spite of the efficacy of skin autotransplantation, the
high immunogenicity of the skin limits the use of allografts, and
systemic immunosuppression is often ineffective for isolated skin
grafts [7].

Indoleamine 2,3 dioxygenase (IDO) is a potent immunomodu-
latory enzyme with allo- and auto-immune suppression and
tolerance induction characteristics in several physiologic and
pathological contexts [8,9]. IDO, for instance, is capable of sup-
pressing the maternal T lymphocyte immune response against
semi-allogeneic fetal tissues during pregnancy via multiple mech-
anisms, including the production of immune-inhibitory metabo-
lites [Kynurenine (Kyn) and Kynurenic Acid (KynA)] and the
generation of a tryptophan-deficient environment [10]. Further-
more, it has been shown that IDO-expressing dendritic cells (DCs)
neither sequester nor fail to deliver antigens. Instead of undergoing
clonal proliferation and developing into effector cells, activated T
cells experience apoptosis, become anergic, or transition into T
regulatory cells [11,12] due to IDO activity in DCs. Hence, it has been
hypothesized that the immunoregulatory function of IDO may be
used therapeutically to suppress alloreactive immune responses.
Research has shown that IDO overexpression reduces the rejection
of islet allografts in mice [13e15]. This indicates that IDO expres-
sion may protect solid organ allotransplantation without the need
for systemic immunosuppressive drugs.

In this work, we successfully created hypoimmunogenic cell
sheets from IDO-overexpressed keratinocytes and implanted them
into mouse wounds. Hypoimmunogenic cell sheets were shown to
be feasible and to have an immune-protective effect.

2. Materials and methods

2.1. Cell isolation and culture

Human skin samples were collected from the Fourth Medical
Center of PLA General Hospital with ethical approval and informed
consent. The FBs and KCs were extracted as previously described
[16,17]. The acquired skin tissue was cleansed with PBS (500ml, Cat
#G420, ServiceBio) three times before the subcutaneous tissue and
adipose tissue were removed, and the skin tissue was clipped to
make it regular. Subsequently, the skin tissue was put into the
Dispase II enzyme (2.5 mg/ml, Cat #D4693-1G, Sigma) for digestion
overnight at 4 �C, and the epidermis and dermis were separated the
following day. The epidermis was digested with trypsin (0.25%, Cat
# 25200072, Gibco) for about 30 min at 37 �C until the tissue was
entirely digested. The dermis was digested with Type IV collage-
nase (0.25%, Cat # 17104019, Gibco). The cell suspension was
filtered using a 70 mm cell sieve. KCs were cultured in serum-free
defined Epilife (Cat # Mepicf500, Gibco) with 1% HKGS (Cat
#S0015, Gibco). FBs were cultured in DMEM (Cat # SH30022.01,
Hyclone) that contains 10% fetal bovine serum (Cat # 10099141C,
Gibco). The HepG2 cells were donated by Peking University Peo-
ple's Hospital and were also cultured in DMEM (Cat # SH30022.01,
Hyclone) that contains 10% fetal bovine serum (Cat # 10099141C,
Gibco). All the cells were cultured without antibiotics in the in-
cubators (5% CO2, 37 �C). The medium was changed every day.

2.2. RNA extraction and qPCR analysis

RNA extraction and qPCR assays were performed as previously
described [18]. The total RNA was extracted from the cells with
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Trizol reagent (Cat # 15596026, Thermo Fisher) and reverse tran-
scribed into cDNA with the FastKing gDNA Dispelling RT SuperMix
(Cat # KR118, TianGen, China), as recommended by the manufac-
turer. qPCR was conducted, and SYBR Green Supermix (Cat
#1708882AP, Bio-Rad, USA) was used for the relative quantification
of the genes. The CT value of each well was detected and recorded,
and 2�DDCT was used to normalize the gene expression of the
sample to the expression of GAPDH. The following primer pairs
were used: IDOe Forward primer: AGTCATCGGTCAGACACCCTT;
Reverse primer: GTGCAGCGTTATCTCCAACAG; COL4A1- Forward
primer: GGACTACCTGGAACAAAAGGG; Reverse primer: GCCAAG-
TATCTCACCTGGATCA; LAMA1- Forward primer: GTCAGCGACTCA-
GAGTGTTTG; Reverse primer: CTTGGGTGAAAGATCGTCAGC.
2.3. Western blot assays

Western blot analysis was performed as previously described
[19]. The total proteins were isolated using RIPA buffer (Cat #
89901, Thermo Fisher) containing protease (Cat # 36978, Thermo
Fisher) and phosphatase inhibitors (Cat # A32957, Thermo Fisher).
The BCA Protein Assay Kit (Cat # 23225, Thermo Fisher Scientific,
Waltham, MA, USA) was used to determine the protein concen-
tration. After blocking with 10% nonfat milk, the membranes were
probed overnight at 4 �C with gentle shaking with primary anti-
bodies including rabbit anti-IDO (Cat # 86630S, 1:1000, CST), rabbit
anti-COL4A1 (Cat # 50273S, 1:1000, CST), rabbit anti-LAMA1 (Cat #
37710S, 1:1000, CST) and GAPDH (Cat #5174S, 1:2000, rabbit
monoclonal, CST). The protein bands were detected using Chem-
iDoc XRS chemiluminescence imaging equipment (Bio-Rad).
2.4. CCK8 assays

The cells were seeded into a 96-well plate and left to growwhile
adhering to the surface for 8 h. 10 ml of CCK8 reagent (Cat # HY-
K0301, MCE) was applied to each well, and then the cells were
cultured at 37 �C for 4 h before a multifunctional microplate reader
(Biotek Synergy2, USA) was utilized to measure the absorbance at
6,12 and 24 h at 450 nm wavelength.
2.5. Transwell assays

The cells were planted onto the transwell plates. The mixed cell
culture medium (DMEM high glucose medium þ 10% fetal bovine
serum þ1% EGF) was introduced to the bottom compartment.
Cellular migration was examined at 48 h after seeding [20].
2.6. Ido gene lentivirus transfection

The IDO lentivirus vector (pLVXAcGFP1-puro) was purchased
from GeneChem (Shanghai, China). Following the manufacturer's
instructions, keratinocyte cells (3 � 105 cells/well) were planted in
a 6-well plate. When the cells were fused to 50e60%, multiplicity of
infection (MOI ¼ 50) was used to transfect the cells, 80 ml of
lentivirus stock solution and 40 ml of transfection reagent (HiTransG
P) were added to 100 ml of DMEM, and the culture plate was gently
shaken so that the venom could cover every cell. It was then
incubated overnight (12 h) in a carbon dioxide incubator at 37 �C
and 5% CO2. The next day, the culture medium containing the virus
was pulled out and the cells were cultured with fresh complete
culture medium and 2 mg/ml purinomycin. The fresh and complete
medium was replaced daily until a stable IDOþ keratinocyte cell
was constructed.
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2.7. Kynurenine assay

Measuring the quantities of the tryptophan-degraded product
L-kynurenine in the conditioned media obtained from IDO-
transfected cells and control vector-transfected cells allowed for
the evaluation of IDO's biological activity. Using a previously
described approach [21], the quantity of L-kynurenine was
quantified. Briefly, the proteins in the conditioned medium were
precipitated with trichloroacetic acid, and following centrifuga-
tion, 0.5 ml of the supernatant was incubated for 10 min at room
temperature with an equivalent amount of Ehrich's reagent.
Within 2 h, the absorbance of the resulting solution was
measured at 490 nm using a spectrophotometer. Kynurenine
concentrations in the conditioned medium were determined us-
ing a standard curve with a known kynurenine concentration
(0e100 mM).
2.8. Hematoxylin and eosin staining

The freshly removed tissue from the Control, NC, and IDO
groups, as well as the tumor tissue from the HepG2 group, was
fixed in 4% paraformaldehyde for 24 h, dehydrated, paraffin-
embedded, sectioned, and stained with Hematoxylin and eosin
according to the protocol described previously [22]. The acquired
paraffin slices were deparaffinized, stainedwith hematoxylin-eosin
(Cat #C0105 M, Beyotime), dried, and then mounted. Using an
optical microscope, histological changes were found in the tissue
sections (Nikon DS-U3).
2.9. Immunofluorescence and immunohistochemistry

The tissues were fixed with 4% paraformaldehyde for 30 min
and then permeabilized with 0.25% Triton X-100 (Catalog #X100,
Sigma) for 10 min prior to immunofluorescence labeling. To inhibit
non-specific epitope binding, tissues were incubated with phos-
phate buffer containing 1% bovine serum albumin (Cat# A1933,
Merck) and 0.1% Tween-20 (Cat# P7949, Sigma) for 1 h, followed by
overnight incubation at 4 �Cwith the following primary antibodies:
mouse anti-CD31 (Cat #3528S, 1:100, CST) and rabbit anti-CD3 (Cat
#26582, CST). The nuclei were then stained with DAPI (Cat #d1306,
Thermo Fisher).

Immunohistochemistry was performed using the primary an-
tibodies mouse anti-CK5 (Cat#66727-1-Ig, 1:200, Proteintech) and
rabbit anti-IDO (Cat# 86630S, 1:1000, CST). Subsequently, tissue
sections were deparaffinized and treated with antibodies overnight
at 4 �C. They were then rinsed with PBS followed by staining with
donkey anti-mouse or anti-rabbit IgG antibodies. Hematoxylin was
employed to counterstain the sections.
2.10. Co-culture of keratinocytes with CD8þ T cells and apoptosis
detection

Control, NC, and IDO cells were planted at a density of
2 � 105 cells per well in 6-well plates for 24 h. Peking University
Peoples' Hospital contributed the CD8þ T cells. 1 � 106 CD8þ T cells
were added to each well for co-culture, and enriched RMPI and
DMEM were mixed 50:50 as the culture medium.

Following 6 h of incubation, 2 ml of complete DMEMmedia was
reintroduced and the cells were cultured for an additional 24 h.
Using flow cytometry and the cell cycle detection kit in line with
themanufacturer's procedure, the cell cycle status was determined.
Using flow cytometry and the FITC-Annexin V/PI apoptosis detec-
tion kit [23], the apoptosis of cells was analyzed.
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2.11. Elisa assays

Collect mouse wound tissue, wash it with PBS, place the tissue
block in a glass homogenizer, add 10 ml of pre-chilled PBS, and
grind it completely at 4 �C. The resultant homogenate may be
further processed by ultrasonic crushing, and the produced ho-
mogenate can be utilized immediately. The slurry was centrifuged
for 5 min at 5000g, and the supernatant was collected. The TNF-a
and IL-1 ELISA kits were purchased from Krishgen Biosystems, USA.
The wells were then sealed with adhesive tape and incubated at
37C for 90min. Except for the blank wells, each well received 100 ml
of biotinylated antibody solution. The wells were then sealed with
adhesive tape and kept at 37 C for 60min. The enzyme solutionwas
made in advance for 30 min and stored at room temperature out of
direct sunlight. 100 ml of enzyme solutions were added to each well
after washing. Wells were sealed with adhesive tape and kept at
37 �C for 30 min. Except for the blank wells, chromogenic substrate
was added to each well after washing. The plates were then incu-
bated at 37 �C for 10e15 min in the dark. Within 10 min, the stop
solution was added to each well and well mixed. The OD450 value
was then measured [24].

2.12. Preparation of in vitro-engineered epidermal cell sheets

Constructing Epidermal Cell Sheets Medium: DMEM high-
glucose medium: F12 medium at a ratio of 3:1 and adding 10%
fetal bovine serum by volume to create the baseline medium, fol-
lowed by the addition of 1% antibiotics and 1% HKGS solution. For
every 100 ml of culture medium, add 0.5 ml of adenine solution
with a concentration of 4.8mg/ml,13 ml of thyroxine solutionwith a
concentration of 1mg/ml, and 85 mL of cholera toxin solutionwith a
concentration of 0.5 mg/ml. Shake after combining. Combine well
and keep aside.

The source of the cell-sheet scaffolds was fibroblasts. When fi-
broblasts reach 70%e80% confluence, add 2.5 ml of a 4 mg/ml
Mitomycin C solution, incubate at 37 �C for 2 h, thenwash with PBS
for 3 min. Repeat 5 times and closely regulate the experiment's
duration. The keratinocytes were seeded into the cell sheet scaf-
folds, the cells were resuspended with the prepared epidermal cell
sheet media, and they were inoculated onto a 6-well plate con-
taining 5 � 106 fibroblasts by adding 2 ml of solution. After 14e17
days, the cell sheet will have attained an appropriate thickness if
the medium is changed daily. After 14e17 days, the cell sheets were
produced and transplant-ready.

2.13. Animals and transplantation

The animal experiment was conducted in accordance with
procedures authorized by the Fourth Medical Center's Ethics
Committee and in accordance with the standards of the Institu-
tional Animal Care and Use Committee. Male BALB/c mice (8 weeks
old) were obtained from SPF Biotechnology (Beijing, China) and
randomized into four groups of 15 mice each. As detailed by Wu
et al. [25], a 5mm � 5 mm full-thickness skin defect was generated
on the dorsum of mice. Completely cover the wound with the cell
sheets, then secure them with a 3 M anti-contraction ring. Every
two days, replace old cell sheets with fresh ones. The wounds were
photographed on the 4th, 8th, and 12th days after injection.Wound
healing ratio ¼ (original wound area - residual wound area)/100%.

2.14. Tumorigenicity assay

BALB/c nude mice (male, 8 weeks old) were obtained from SPF
Biotechnology (Beijing, China) and randomly divided into three
groups of six mice each: NC, IDO, and HepG2. The NC, IDO, and



H. Zhao, J. Sun, Y. Wu et al. Regenerative Therapy 24 (2023) 245e255
HepG2 cells were suspended in PBS at a concentration of
5 � 106 cells per 100 ml. 100 ml of the prepared cell suspension was
then injected into the subcutaneous tissue of each nude mouse in
each of the three groups. The mice were killed forty days after
inoculation. The tumor's size was determined, and it was removed
for histological analysis [26].

2.15. Statistical analysis

All data were expressed as the mean ± standard deviation (SD).
The one-way analysis of variance (ANOVA) was performed for the
analysis between three or more groups, and the two-way ANOVA
with Tukey's multiple comparisons test analysis was used to
analyze the multivariate data. P values < 0.05 were considered
statistically significant. Statistical analysis was performed with the
program GraphPad Prism.

3. Results

3.1. Characteristics of keratinocytes overexpressing IDO

We identified the influence of IDO on the mRNA and protein
expression of IDO in keratinocytes. We discovered that IDO treat-
ment considerably increased the mRNA levels of IDO relative to
untreated control cells and treated NC cells (Fig. 1a). Fig. 1b dem-
onstrates that the protein levels of IDO in keratinocyte cells treated
with IDOwere significantly greater than those in the control and NC
groups. Before any in vivo investigations were conducted, the rate
of IDO activity was measured. The IDO activity in the medium that
had been conditioned was then determined [27]. As demonstrated
in Fig. 1c, the levels of kynurenine in the conditioned media of IDO-
infected keratinocytes were considerably higher than those of
Control or NC keratinocytes. There was no significant difference
between Control, NC, and IDOþ keratinocyte proliferation rates at
the 6th, 12th, and 24th hours of culture (Fig. 1d). 24 h after culture,
there was no substantial variation in their migratory rate (Fig. 1e).
Keratinocytes and CD8þ T cells were co-cultured for 24 h to see
whether IDO had an immune-protective effect. The results
demonstrated that the apoptosis rate of CD8þ T cells in the IDO
group was considerably greater than in the control and NC groups.
These offer the biological foundation for the development of
hypoimmune epidermal cell sheets (Fig. 1f). Consequently, it was
verified that the IDO gene increased IDO expression levels in ker-
atinocytes in vitro. Compared to the control and NC groups, IDOþ

keratinocytes exhibit comparable proliferative and migratory ca-
pabilities and efficient immune protection.

3.2. IDO þ keratinocytes were not tumorigenic

For potential therapeutic applications of hypoimmunogenic
epidermal cell sheets in wound healing, their safety cannot be
overlooked. To investigate the possibility of IDO þ keratinocytes
inducing subcutaneous carcinogenesis, a test was done on nude
mice. On the 40th day after the injection of cells into each group,
neither the NC nor IDO groups displayed any obvious evidence of
carcinogenesis. In the HepG2 group, however, the growth of addi-
tional organisms at the injection site was seen. Extracted and
weighed were the skin from the injection sites of the NC and IDO
groups and the tumor tissue from the HepG2 group (Fig. 2a). HE
staining of tumor tissue in the HepG2 group indicated a significant
degree of neutrophil infiltration, a disorganized distribution of local
cells, vacuolation of the cytoplasm, and enhanced atypia and
irregular nuclei in the tumor cells, while the NC and IDO groups
exhibited normal skin structure. (Fig. 2b). Immunostaining tumors
in vivo with the CK5 antibody revealed that IDOþ keratinocytes are
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not carcinogenic (Fig. 2c). Our results demonstrated that IDOþ

keratinocytes cannot induce malignancy.

3.3. Characteristics of IDO þ keratinocyte sheets

Following 14e17 days of keratinocyte and fibroblast culture,
transplantable epidermal cell sheets were effectively created
(Fig. 3a). To confirm the expression of the IDO gene in epidermal
cell sheets, we collected mRNA and protein from 17-day-cultured
epidermal cell sheets for qPCR and Western blot analysis. In low-
immunogenic epidermal cell sheets, the expression of IDO was
considerably greater than in the control and NC groups (Fig. 3b and
c). The epithelial layer of the cell sheet was composed of 2e4 layers
of cuboidal nucleated epithelial cells interspersed with elongated
cells, according to histological investigations. Inside the scaffold,
fibroblasts constitute the subepithelial layer of the cell sheets
(Fig. 3d). In the meanwhile, we conducted IDO immunohisto-
chemistry labeling on the produced epidermal cell sheet, and the
findings showed that 2e4 layers of epithelial cells with significant
IDO expression remained in the IDOþ cell sheet (Fig. 3f). To validate
the immunity of IDOþ epidermal cell sheets, after 17 days of growth
we treated CD8þ T lymphocytes with the cell sheet culture medium
andmeasured the apoptosis rate of CD8þ T lymphocytes. According
to the data, the apoptosis rate of CD8þ T cells in the IDO cell sheet
group was considerably higher than in the control and NC groups.
To evaluate the engraftment rate of the cell sheets, we detected the
expression of basement membrane proteins (COL4A1 and LAMA1)
in the cell sheets, and the results showed that the cell sheets of all
groups had high expression of COL4A1 and LAMA1 with no sta-
tistical difference. In other words, IDO genes do not affect the
transplantation rate of cell sheets. The cell sheets have good his-
tocompatibility and engraftment rates (Fig. 6). All of the foregoing
data revealed that low-immunogenic cell sheets overexpressing
IDO were effectively created.

3.4. Therapeutic effects of hypoimmunogenic epidermal cell sheets

To investigate the therapeutic advantages of hypoimmunogenic
epidermal cell sheets on wound healing, full-thickness (5 mm)
dorsal skin wounds were created on BALB/c mice (male, 8 weeks
old), treated with control, NC, or IDO, and then examined on days 4,
8, and 12. On days 4 and 8, there was no statistically significant
difference between the control, NC, and IDO groups (day 4:
50.40 ± 2.02%, 51.80 ± 0.67%, and 51.20 ± 1.18%. day 8:
73.80 ± 3.52%, 72.60 ± 6.97%, and 74.20 ± 4.52%, respectively). On
day 12, the wounds treated with IDO healed faster than those in the
control and NC groups (IDO:96.8 ± 0.67%, control: 90.20 ± 3.32%
and NC: 88.40 ± 2.52%), whereas the wound healing ratio in the
control group did not significantly differ from that in the NC group
(Fig. 4a).

At the same time, the Control, NC, and IDO groups observed
abnormal skin structure (no complete epithelial structure) in the
recovery of the Control and NC groups on the 12th day after injury,
whereas the IDO group displayed a relatively complete skin struc-
ture closer to the physiological state, indicating that the wound
healing effect of the IDO group was superior to that of the Control
and NC groups (Fig. 4b). At 12 days post-injury, the IDO group's
gene and protein expression levels were considerably greater than
those of the Control and NC groups (Fig. 4c). In order to validate that
IDOþ keratinocytes are intimately associated with wound healing,
wounds were immunohistochemically stained on day 12 with a
human-specific IDO antibody, and IDOþ keratinocytes were found
in certain hair follicle-like structures in the IDO group (Fig. 4d). The
degree of re-epithelialization of wound tissue was greater in the
IDO group than in the control and NC groups. These findings



Fig. 1. Features of keratinocytes overexpressing IDO. a. Quantitative reverse transcription polymerase chain reaction was used to detect the gene expression of IDO. (***P < 0.001,
n ¼ 3). b. Expression of IDO protein was evaluated in the Control, NC and IDO group by Western blot analysis (***P < 0.001, n ¼ 3). c. Kynurenine levels in IDO transfected
keratinocytes conditioned medium. Conditioned medium was collected from the same number of infected and non-infected cells at 72 h post-transfection. Kynurenine levels were
determined (***P < 0.001, n ¼ 3). d. CCK8 assay showed the proliferative ability of Control, NC and IDO group (n ¼ 3). e. Transwell test was used to analyze cell migration, and the
number of positive cells was counted. (Scale bar, 10 mm n ¼ 3). f. Analysis of apoptosis of CD8þ T lymphocytes by flow cytometry (***P < 0.001, n ¼ 3).
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revealed that the IDO group has greater wound healing capability
and potential.

3.5. The potential role of IDO þ epidermal cell sheets in wound
healing

There are contradictory data on the survival and immunological
response of allografts of cultivated skin cells, particularly fibroblasts
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and keratinocytes [28e30]. As with other cell types [31], however,
xenogeneic fibroblasts and keratinocytes have been demonstrated
to elicit a robust immunological response in the host [30,32,33].
Determine whether IDO has a function in preventing the immu-
nological rejection of transplanted skin cells.

As shown in Fig. 5a and d, immunofluorescent staining of CD3þ

T lymphocytes on the tissues 12 days after injury revealed that the
number of CD3þ T lymphocyte infiltration in the IDO group was



Fig. 2. Keratinocytes overexpressing IDO were not tumorigenic. a. The tumorigenicity test of Control, NC and IDO cells in nude mice (the area indicated by the red arrow on day
0 is the cell injection site, and the area marked by the red arrow on day 40 is subcutaneous tumor on day 40 after cell injection, ***P < 0.001, n ¼ 5) b. HE staining of tumors in the
NC, IDO and HepG2 group. NC and IDO group showed normal skin tissue, while there was a large number of infiltrated neutrophils in the HepG2 group was observed, as shown by
the yellow arrow; the local cells were loosely arranged, and the cytoplasm was vacuolated, as shown by the red arrow; a large number of tumor cells in the tissue increased atypia,
and the nucleus was obviously irregular, as indicated by the black arrow (Scale bar, 100 mm. n ¼ 5). c. Immunohistochemical staining revealed CK5-positive cells in tumor tissues in
the NC, IDO and HepG2 groups (Scale bar, 100 mm. n ¼ 5).
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significantly lower than that in the Control group and the NC group,
while there was no significant difference between the Control
group and the NC group. There is evidence that the IDOþ epidermal
cell sheets generated by genetically engineered xenogeneic kera-
tinocytes inhibit T lymphocyte infiltration at the wound site.

Delayed revascularization is believed to be a cause of allograft
and xenograft rejection [34]. To further examine the impact of IDO
on neovascularization in vivo, we stained skin tissue slices with
CD31 immunofluorescent labeling 12 days after damage. The find-
ings demonstrated that the number of capillary-like capillaries in
thewounds of IDOþ epidermal cell sheets was substantially greater
than that of the Control and NC groups (Fig. 5b and c). ELISA was
utilized to measure the expression levels of IL-1 and TNF-a in the
supernatant of homogenized skin tissue 12 days after injury. The
findings demonstrated that the levels of TNF-a and IL-1 in the su-
pernatant of IDO tissue were considerably lower than those of the
Control group and the NC group, although there was no significant
difference between the Control group and the NC group (Fig. 5e).
The aforementioned findings suggested that IDOþ epidermal cell
sheets promoted wound healing by dramatically decreasing wound
CD3þ T lymphocyte infiltration, lowering wound inflammation, and
promoting wound capillary-like tissue development.

4. Discussion

In this study, we revealed that the proliferation and migratory
abilities of IDO þ keratinocytes and primitive keratinocytes did not
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vary significantly. Experiments involving the implantation of nude
mice demonstrated that IDO þ keratinocytes lacked tumorigenicity.
Importantly, IDO-overexpressed keratinocytes successfully con-
structed low-immunogenic epidermal cell sheets, and mouse
wound healing experiments confirmed that IDOþ epidermal cell
sheets have more effective wound repair capabilities, possibly by
reducing wound tissue infiltration of CD3þ T lymphocytes, the level
of inflammation in wound tissue, and the enhancement of the
generation of new capillary-like structures in wound tissue.

Several autologous or allogenic cell sheet-based techniques are
now being used more often in tissue engineering and regenerative
medicine [35]. Allografts are now used as a temporary solution for
several sorts of skin abnormalities. Allografts are susceptible to
immunological rejection [36,37], which is a disadvantage of their
use. Allogeneic skin grafting starts a cascade of immunological re-
sponses in the recipient, culminating in the demise of the graft.
Recent investigations [38e40] imply that IDO may play a crucial
role in local immunosuppression. In an effort to construct a non-
rejectable skin replacement comprised of allo- or xenogeneic skin
cells, researchers are examiningwhether IDOmay operate as a local
immunosuppressive factor to prevent allo- or xenogeneic skin cell
engraftment. Immune cells, but not principally fibroblasts, kerati-
nocytes, and endothelial cells, are vulnerable to decreased trypto-
phan levels in the conditioned medium, according to previous
research [27]. Hence, based on these data, we postulate that IDO
may serve as a local immunosuppressive factor that prevents allo-
or xenogeneic engraftment in animal models. In this research,



Fig. 3. Characteristics of IDO þ keratinocyte cell sheets. a. Preparation of Epidermal Cell Sheets. (n ¼ 5). b. Quantitative reverse transcription polymerase chain reaction was used
to detect the IDO expression of cell sheets (***P < 0.001, n ¼ 3). c. Expression of IDO protein was evaluated in cell sheets byWestern blot analysis (***P < 0.001, n ¼ 3). d. HE staining
of cell sheets in the Control, NC and IDO group (Scale bar, 10 mm n ¼ 5). e. IDO immunohistochemical staining of cell sheets in the Control, NC and IDO group. (Scale bar, 10 mm n ¼ 5).
f. Analysis of apoptosis of CD8þ T lymphocytes by flow cytometry (*P < 0.05, **P < 0.01, n ¼ 3).
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wounds treated with IDO þ epidermal cell sheets healed quicker
than those in the control and non-treated (NC) groups. At least two
pathways may be responsible for the promotion of healing in
wounds treated with IDOþ epidermal cell sheets, according to
251
further research. First, the logical explanation would be that the
engrafted skin replacement stayed intact owing to IDO's protective
function, resulting in quicker epithelialization and a shorter wound
closure time. Another possible mechanism is the one shown in this



Fig. 4. IDO þ keratinocyte cell sheets promoting wound healing. a. Representative images showing wound healing on days 0, 4, 8 and 12 in Control, NC and IDO groups. Wound
healing rates on days 4, 8 and 12 in Control, NC and IDO groups (*P < 0.05 and **P < 0.01, n ¼ 5). b. H&E staining of skin tissues in Control, NC and IDO groups on 4, 8 and 12 days, on
day 12 after wounding, the epidermis in the IDO groups was closer to physiological conditions (Scale bar, 100 mm. n ¼ 5). c. Expression of IDO mRNA and protein were evaluated in
the Control, NC and IDO group by qPCR and Western blot analysis (***P < 0.001, n ¼ 3). d. Immunohistochemical staining for Human-specific IDO protein on day 12 wound tissue
(n ¼ 5).
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research, namely that IDO stimulates angiogenesis, so promoting
the healing process, at least in part. This discovery was further
supported by the observation of a considerable reduction in the
number of infiltrating CD3þ T cells after the transplantation of an
IDOþ epidermal cell sheet. In addition, we discovered that IDO
directly increases neovascularization in vivo, which may partially
explain the accelerated recovery. Depletion of tryptophan by IDO in
the immediate environment seems to contribute to the production
252
of capillary-like structures, primarily because the addition of
tryptophan inhibits the formation of these structures by endothe-
lial cells.

Delayed revascularization is one of the primary drawbacks of
employing skin substitutes to cover wounds [41]. Young et al. [42]
hypothesized that split-thickness skin grafts survive by diffusion of
nutrients through the graft, early vascularization through
inosculation, and eventually neovascularization. Composite skin



Fig. 5. Mechanism of IDO þ epidermal cell sheet promoting wound healing. a. Immunofluorescence staining for CD3 on day 12 wound tissue (n ¼ 5). b. Immunofluorescence
staining for CD31 on day 12 wound tissue (n ¼ 5). c. Quantitative analysis of capillary-like structures shown in (b) (***P < 0.001, n ¼ 5). d. Quantitative analysis of CD3 T lymphocyte
infiltration shown in (a) (***P < 0.001, n ¼ 5). e. The expression of IL-1 and TNF-a in the grinding supernatant of wound tissue on the 12th day detected by ELISA (***P < 0.001,
n ¼ 5).
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replacements cannot readily revascularize because they lack a
capillary network. These grafts exclusively get nutrients through
imbibition and neovascularization. Hence, unless neovascularization
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is developed, imbibition alone is unlikely to be adequate to sustain
the permanent implantation of skin replacements. The establish-
ment of a capillary-like network in skin replacements by either



Fig. 6. a. Quantitative reverse transcription polymerase chain reaction was used to detect the gene expression of COL4A1 and LAMA1. (n ¼ 3). b. Expression of COL4A1 and LAMA1
protein was evaluated in the Control, NC and IDO group by Western blot analysis (n ¼ 3).
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adding endothelial cells [43] or genetically altering skin cells with
vascular endothelial growth factor [44] has been explored. These
trials revealed that beginning neovascularization early considerably
improves transplant acceptance. Fig. 5b demonstrates that in addi-
tion to preserving xenografted skin cells from immunological
rejection, IDO seems to stimulate neovascularization in its earliest
phases. Nonetheless, further research is necessary to comprehend
how IDO induces angiogenesis in vivo and in vitro. Yet, ourworkmay
have limitations owing to possible variations between mouse and
human skin. This may impede the complete extrapolation of clinical
findings. This study did not verify the “survival time” of hypo-
immunogenic cell sheets in the wounds of mice. However, in vitro
data confirmed that low-immunogenic cell sheets can effectively
promote apoptosis of CD8þ T lymphocytes and reduce immune
protection and the inflammatory infiltration response. Therefore, in
the future, wewill use hypoimmunogenic cell sheets combined with
functional hydrogels, 3D printing scaffolds and other polymer com-
posites to develop more potential hypoimmunogenic materials. In
addition, the creation of cell sheets takes around three weeks, which
may restrict their practical applicability. Notwithstanding this, our
research reveals the potential use of the low-immunogenic cell sheet
in the treatment of skin wounds.

5. Conclusion

Our research concludes that our newly created hypoimmuno-
genic cell sheet may be useful in the treatment of skin excision
wounds. Shown the viability of functional IDO-expressing skin al-
lografts, which might address many of the problems associated
with the scarcity of skin autografts without the necessity for
immunosuppressive regimes that compromise immunological
function.
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