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Secretome from prolonged high-density human Wharton's
jelly stem cell culture accelerates wound healing in both
in vitro and in vivo models
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assessed. In vitro cell proliferation and scratch closure assays showed that
secretome treatment dose-dependently increased cell proliferation and pro-
moted scratch closure. Subsequently, using biopsy punch, circular wounds
were created on three-dimensional de-epidermised dermis human skin equiva-
lent (in vitro) where secretome-treated wounds showed accelerated wound clo-
sure, and enhanced epithelial proliferation and differentiation were observed
and quantified. In an in vivo rat acute wound model, secretome applied to the
back of test animals greatly enhanced wound healing by promoting re-
epithelialisation, vascularisation and granulation maturation. In conclusion,
secretome derived from prolonged culture of high-density industrial scale two-
dimensional human Wharton's jelly stem cells possesses potent wound healing
properties. This could greatly lower the cost of production and facilitate devel-

opment of highly efficacious secretome-based wound healing products.
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1 | INTRODUCTION

Cutaneous wound healing after injury normally pro-
gresses through four regulated stages - haemostasis,
inflammation, cell proliferation, and maturation (remo-
delling)."* This process is disrupted in chronic wounds,
which are still open after 4-12 weeks, and their treatment
and management poses a tremendous economic bur-
den.** In the USA alone, this represents over $28B USD
per year.”

Due to the advancement of cell related technologies
in recent years, mesenchymal stem cells (MSCs) have
emerged as a potential therapy for wound healing.®”
MSCs, shown to aid in wound healing, include those
derived from adult tissue such as bone marrow,*° adipose
tissue,® neonatal tissue such as placenta'' and umbilical
cord.” However, despite their promise, there are some
disadvantages'>'* to the use of MSCs in wound treatment
because they typically need to be seeded on a scaffold or
embedded in a matrix or gel prior to application.'*'* This
is time-consuming and the use of living cells precludes a
ready-made, off-the shelf product. Handling, transporta-
tion and storage of products incorporating living cells
also requires stringent conditions and trained personnel
to maintain cell viability, product function and to prevent
contamination. Such treatment modalities are difficult to
upscale, costly and can only be performed at hospitals
and/or clinics with adequate facilities and trained staff.
These technical, logistical and economic challenges hin-
der the use of stem cells in wound therapy.

Research has shown that many of the beneficial
effects of MSCs, such as immunomodulatory effects, are
mediated by paracrine (secreted) factors (e.g. growth fac-
tors, cytokines, exosomes) secreted by these cells.'®” An
attractive alternative to the direct use of MSCs are prod-
ucts containing their paracrine factors instead, which
may include the whole secretome or a subset such as the

in vitro 3D skin, mesenchymal stem cells, secretome, Wharton jelly, wound healing

« Highly cost-efficient secretome derived from prolonged culture of high-
density industrial scale two-dimensional human Wharton's jelly stem cells
strongly enhances wound healing.

« In vitro cell proliferation and scratch assays, three-dimensional skin models,
and rat acute wound models were used to assess the wound healing poten-
tial of human Wharton's jelly stem cell secretome.

« This study showed that human Wharton's jelly stem cell secretome acceler-
ated wound healing by promoting re-epithelialisation, re-vascularisation,
wound bed maturation, and inflammation resolution.

exosomes. The use of such cell-free material would confer
many advantages over the cells, including greater scal-
ability, accessibility, and easier logistics. There is clear
evidence in the literature showing an acceleration in the
healing of chronic wounds, such as diabetic ulcers, after
treatment  with ~ MSC-derived  secretome'®  or
exosomes.*’

While the use of MSC secreted factors is highly desir-
able, there are still challenges to overcome in the clinical
application of such cell free material, one of which is the
relatively high cost of production particularly for exo-
somes.”’ Of note, studies on the therapeutic effects of
mesenchymal stem cell paracrine factors often utilise
material obtained from a single collection of culture
medium produced by short term (e.g. 1-3 days) subcon-
fluent cultures,** ** which can translate to a much higher
cost of production. This cost could be substantially
reduced if a greater quantity of secreted factors could be
collected from a single culture and over a longer period.
This would pave the way for development of a more com-
mercially viable therapeutic product.

This study describes a secretome derived from pro-
longed culture of high-density industrial scale two-
dimensional (2D) human Wharton's jelly stem cells
(hWISCs). Here, the authors assessed the wound healing
effects of the secretome in vitro using 2D assays and a 3D
skin model and in vivo using rats.

2 | METHODS
2.1 | Human WIJSC isolation, culture and
cryopreservation

Human Wharton's jelly stem cells were isolated from
umbilical cords obtained from healthy neonates after at
least 36 weeks gestation. Prior to wumbilical cord
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collection, informed consent was obtained from the par-
ents by Celligenics Pte Ltd, a registered tissue bank in
Singapore. Umbilical cords were washed in Hanks bal-
anced salt solution (HBSS) to remove blood. Umbilical
cords were then cut into pieces and each piece was subse-
quently cut open lengthwise. The Wharton's jelly was
then carefully excised from each piece and cut into small
pieces which were then transferred into a tissue culture
dish  containing  sufficient Celligenics hWJSC
culture medium to cover the bottom of the dish. The
explanted tissue was incubated in a 37°C incubator with
5% carbon dioxide. Culture medium (proprietary formu-
lation) was changed every 2-3 days while cells migrated
out from the tissue. When there was substantial out-
growth from the explants, they were removed and the
cells were dissociated from the dish by incubating with
TrypLE™ for 10 min at 37°C in a carbon dioxide (CO,)
incubator after washing with HBSS. After TrypLE™
incubation, the TrypLE™ was diluted with culture
medium, and the dissociated cells were collected into a
centrifuge tube. Collected cells were centrifuged at 300 g
for 5 min and resuspended in culture medium for count-
ing after removing the supernatant. Cells were counted
using Trypan Blue staining (according to manufacturer's
instructions), cryopreserved in CryoStorl0 and placed in
liquid nitrogen for long term storage.

2.2 | Human WIJSC characterisation
Cryopreserved hWJSCs were removed from liquid nitro-
gen storage and rapidly thawed in a 37°C water bath.
Thawed cells were diluted with culture medium, centri-
fuged at 300 g for 5 min, and resuspended in culture
medium for viability measurement counting using Try-
pan Blue staining after removing the supernatant.
hWIJSCs were seeded in 6-well culture plates in duplicate
wells and culture medium was changed every 2-3 days.
Cells were subcultured and counted every 4-5 days. For
trilineage differentiation assay to confirm stem cell line-
age, hWIJSCs at passage 4 were seeded in 24-well culture
plates and differentiated using StemPro™ chondrogen-
esis/osteogenesis differentiation kit (Gibco, USA) and
MesenCult™ adipogenic differentiation kit (Stem Cell
Technologies, Canada) according to manufacturers'
instructions. After 18-21 days of differentiation, cells
were stained with Alizarin Red for osteogenesis, Oil Red
O for adipogenesis, Alcian Blue for chondrogenesis and
imaged under bright field using an Olympus IX71
inverted microscope (Olympus, Japan) at 4x objective.
For cell surface marker expression, hWJSCs at pas-
sage 3 were dissociated using TrypLE™ by incubating
the cells with TrypLE™ for 5 min at 37°C in a CO,
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incubator after washing with HBSS. The dissociated cells
were collected, centrifuged at 300 g for 5 min, and fixed
in 2% paraformaldehyde (1 million cells per 100 pL) at
4°C for 15 min. After fixation, hWJSCs were washed
twice by adding FACS buffer (2% FBS in PBS) to the cells,
centrifuging the cell suspension at 300 g for 5 min and
removing the supernatant after each wash. Thereafter,
hWIJSCs were incubated with antibodies to human CD34,
CD73, CD166 (APC-conjugated), CD14, CD45, CD90,
CD105 (FITC-conjugated) at 4°C for 15 min. Unbound
antibody was removed by repeating the above wash step
3 times. The stained hWJSCs were resuspended in FACS
buffer and data was acquired with FACSCelesta™ Cell
Analyser (Becton Dickinson, USA) and analysed using
Facsdiva v8.0.2 (Becton Dickinson, USA).

2.3 | Secretome production

Secretome from human WJSCs was produced according
to methods described in patent application
W02023/101603A1. Briefly, cryopreserved hWJSCs were
recovered and cultured for one passage and subsequently
seeded in Corning® HYPERFlasks® (Corning, USA). At
95%-100% confluency, culture medium was removed and
hWJSCs were washed twice with HBSS. Cells were then
incubated in serum-free medium. Secretome was periodi-
cally collected and replaced with fresh medium every 2-
3 days. The secretome collected was concentrated 50-fold
via ultrafiltration and stored at -80°C. Concentrated
secretome from three batches was pooled prior to analy-
sis and testing in in vitro and in vivo wound studies.

24 | Secretome characterisation

Total secretome protein content was quantified by Coo-
massie Blue Plus Protein Assay reagent (Bio-Rad, USA).
Briefly, 50 pL of sample was loaded into a clear 96-well
microplate in duplicate and 250 pL of Coomassie Blue
Plus Protein Assay reagent was added to the samples and
then incubated for 10 min at room temperature. After
incubation, absorbance at 560 nm was read using a
VICTOR3™ Multilabel Plate Reader (Perkin Elmer,
USA). Absorbance values were compared to a standard
curve to quantify protein content.

Secretome factors were quantified by multiplex using
the 48-Plex Bio-Plex Pro human cytokine screening panel
according to manufacturer's instructions. Sample-
antibody-bead complexes were re-suspended in sheath
fluid for acquisition on the FLEXMAP® 3D (Luminex)
using XxPONENT® 4.0 (Luminex) software. Data analysis
was done on Bio-Plex ManagerTM 6.1.1 (Bio-Rad).
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Standard curves were generated with a 5-PL (5-parameter
logistic) algorithm, reporting values for both mean flores-
cence intensity (MFI) and concentration data.

Secretome extracellular vesicle content in the pooled
concentrated secretome was directly quantified using a
commercial ELISA kit (PS Capture™ Exosome ELISA
Kit, FUJIFILM Wako Chemicals, Japan) according to
manufacturer's instructions and absorbance at 450 nm
was read using the plate reader indicated above. Absor-
bance values were compared to a standard curve to quan-
tify extracellular vesicle content.

2.5 | Cell proliferation assay

Cell proliferation (n = 10-12 over 3 repeats) was assessed
in 96-well tissue culture plates using non-immortalised
human adult dermal fibroblasts (HDF) and HaCaT kera-
tinocytes. Cells were seeded in minimal serum culture
medium (DMEM with 0.2% Foetal Bovine Serum (FBS),
1X GlutaMAX, 1X Non-Essential Amino Acid (NEAA),
1X penicillin-streptomycin) with and without secretome.
Cells were then incubated for 3 days at 37°C in a CO,
incubator. After incubation, the cells were washed with
HBSS before fixing in 1.5% PFA for 30 min at room tem-
perature. After fixation, cells were stained with 0.5% crys-
tal violet solution for 10 min at room temperature. The
crystal violet was removed, and the cells washed with
water until the solution was clear. Cells were air-dried,
imaged on bright field using an Olympus IX71 inverted
microscope (Olympus, Japan) at 4x objective and 1 N
acetic acid solution was added to the cells to solubilise
the crystal violet. After solubilisation, the absorbance was
read at 560 nm using a spectrophotometer (Perkin Elmer,
USA) and cells in each well were quantified by compar-
ing the absorbance with the absorbance of a cell standard
which was stained and solubilised using the same
method. The number of cells was expressed as a percent-
age relative to the cells that were incubated without
secretome.

2.6 | Scratch assay

Scratch assays (n = 10-12 over 3 repeats) were carried
out in 96-well tissue culture plates using non-
immortalised human adult dermal fibroblasts (HDF) and
HaCaT keratinocytes. Cells were seeded in -culture
medium (DMEM with 10% Foetal Bovine Serum (FBS),
1X GlutaMAX, 1X Non-Essential Amino Acid (NEAA),
1X penicillin-streptomycin) and grown to confluence. At
confluence, cells were scratched using an in-house devel-
oped scratch assay device.”> After scratching, the cells

were washed with HBSS, imaged, and then incubated at
37°C in a CO, incubator for 2 (HaCaT) or 3 (HDF) days
in minimal serum culture medium with media control or
with secretome. Scratched cells were imaged on Phase
Contrast at 4x objective using the imaging template with
an Olympus IX71 inverted microscope (Olympus, Japan).
After incubation, cells were washed with HBSS and fixed
in 1.5% paraformaldehyde (PFA) for 30 min at room tem-
perature. After fixation, cells were stained with 0.025%
safranin O and imaged on bright field an Olympus IX71
inverted microscope (Olympus, Japan) at 4x objective
using the imaging template. Scratch area (area without
cells) pre- and post-treatment was traced and quantified
using FIJI Software.*® The percentage wound closure was
calculated by dividing the scratch area after treatment by
the scratch area before treatment and multiplying this
value by 100.

2.7 | Skin supply & human epidermal
keratinocyte culture

Approval was obtained from the A*STAR Human Bio-
medical Research Office, under the IRB 2019-094 for the
use of ethically sourced human skin materials from Uni-
son Collaborative (Singapore) and CellResearch Corpora-
tion (Singapore). Written informed consent was obtained
from patients undergoing abdominoplasties before skin
collection and all patient identifiers were removed. The
study was conducted with strict adherence to the Human
Biomedical Research Act 2015 of Singapore.

Early passage of de-identified primary human kerati-
nocytes was obtained from the Asian Skin Biobank at the
Skin Research Institute of Singapore (SRIS). The kerati-
nocytes were derived from abdominal skin tissues of a
38-years-old Chinese female donor. Frozen cells were
thawed and cultured on a layer of gamma-irradiated 3 T3
feeder cells in Full Green's medium (FG) at 37°C with 5%
CO, and 95% humidified ambient air.

2.8 | Preparation of de-epidermized
dermis-human skin equivalent (DED-HSE)
wound model

The DED-HSEs were prepared from full-thickness abdo-
men skin tissues donated by two independent female
donors using a method previously described with some
adjustments and modifications.”” Briefly, fresh human
skin tissues were treated with 1 M NaCl at 37°C over-
night. Epidermis was peeled off and 1.5 cm x 1.5 cm of
De-Epidermized Dermis (DED) were cut and placed with
papillary side faced up in a 24-well plate. Stainless-steel
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rings (Aix-Scientifics, Aachen, Germany) were carefully
aligned and centred onto each DED, and 2 x 10* human
keratinocytes were seeded in each ring. After 2 days in
culture, the rings were removed and the DEDs were
transferred on sterile stainless-steel chairs placed in
6-well plate with FG medium. DEDs were kept in air-
liquid interface for 9-11 days to facilitate full epidermal
growth and stratification. After 9-11 days in culture,
4 mm partial-thickness wounds were created in each
DED-HSE, with a biopsy punch (Stiefel, Castle Hill,
NSW, Australia) excising through the epidermis. Four
conditions were tested in triplicates, including media
control (control medium without secretome factors),
secretome, blank (untreated, negative control) and 100%
FBS (Fetal Bovine Serum, positive control).

2.9 | Measurement of DED-HSE wound
closure and toxicity via MTT assay

At 0, 4, and 7 days post-wounding, DED-HSEs from each
treatment group (n = 6 from 2 donors) were harvested
and placed in a 50 mm-petri dish containing 0.5 mg/mL
of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) solution. The samples were incubated in
5% CO, at 37°C for 90 min to allow the formation of for-
mazan. Viable cells with active metabolism react with
the tetrazolium ring of the MTT producing a purple-
coloured insoluble formazan product. Images of the
DEDs were captured using Nikon SMZ745T Stereo Dis-
secting microscope to observe cell viability across the
wounded tissue and to measure wound closure. Using
Image J software (https://imagej.nih.gov/ij/), the area
with no closure (X) was measured and subtracted from
the original wound area at day 0 (Y) to obtain the re-
epithelialized area (percent healed area).

2.10 | Full-thickness excisional
wounding in rats

Male Sprague-Dawley rats were purchased from InVivos
and housed in the Animal Research Facility of the Lee
Kong Chian School of Medicine, Singapore. Animals
were 9-10 weeks of age and had an average weight of
350-400 g prior to the start of the experiment. All animal
procedures were performed in accordance with the
approved animal protocols obtained from the Institu-
tional Animal Care and Use Committee (IACUC) of
Nanyang Technological University (IACUC Project Num-
ber A19055). Rats (n = 3) were anaesthetised with 4% iso-
flurane and maintained at 2% for the duration of the
experiment. Subsequently, the dorsal skin of the rats was

shaved with an electric hair trimmer, with care not to
induce trauma with razor teeth. Depilatory cream
(Nair®) was applied to the shaved skin and left for 2 min.
Thereafter, the cream and remaining hair was removed
with warm wet gauze. Clean dry gauze was then used to
wipe off all remaining hair removal cream to ensure
there was no risk of skin lesions and that the prepared
skin was completely bare. The shaved back was wiped
with 70% ethanol and the skin was tented away from the
dorsum to generate 6 full-thickness excisional wounds
using a 6 mm biopsy punch (#12-460-412, Integra Mili-
tex, USA). Wounds were left untreated, treated with
Pluronic gel with control medium, or treated with Pluro-
nic gel with secretome on 0, 1 and 2 days post-wounding.
Buprenorphine at concentrations of 0.1 mg/kg was deliv-
ered subcutaneously after wounding and the rats were
housed individually and monitored for their health and
weight status daily until the day of harvest.

211 | Optimisation of secretome carrier
for rat acute wound model study

Pluronic gel was selected as the carrier for the secretome
in our acute rat wound study due to its thermo-reversible
properties, which allows it to transition from a liquid
state below 8°C—facilitating easy mixing with the
secretome—to a solid state at physiological temperature
(37°C), ensuring retention within the wound. Gels were
prepared at four concentrations (15%, 20%, 25%, and 30%
w/v), each dissolved in either distilled water or in solu-
tions containing 300 pg/mL of secretome control or secre-
tome, with 1% crystal violet added for visualisation. 30 pL
of each gel formulation was pipetted into wells on a
12-well plate and allowed to solidify on a heat plate set to
37°C. For each gel type, five replicates were prepared.
Following solidification, 500 pL of pre-warmed 1X PBS
was added to each well, refreshed every 5 min, while deg-
radation was monitored by imaging every 5 min using a
Leica MZ FLIII fluorescence stereomicroscope, to deter-
mine the optimal gel concentration for effective secre-
tome delivery and retention at the wound site.

212 | Wound harvesting and histological
processing

Rats were euthanized by carbon dioxide (CO,) inhalation
and wounds harvested at 3 and 5 days post-wounding.
On the day of the harvest, 1 cm” of wounded skin tissue
was harvested and bisected before fixation in 4% parafor-
maldehyde overnight. Half of the fixed tissue was used
for paraffin-embedding. Prior to being transferred to a
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tissue processor (Leica Biosystems, HistoCore PEARL,
Germany), wounds were placed in cassettes and
immersed in 70% ethanol (Aik Moh Paints and Chemi-
cals, Singapore) overnight at 4°C. Finally, tissues were
embedded in wax and sectioned at 5 pm using a micro-
tome (Leica Biosystems, RM2245, Germany).

213 |
staining

Haematoxylin and eosin (H&E)

For DED-HSE samples, after MTT assay, each DED-HSE
was Dbisected into two equal halves where re-
epithelialization looked the most advanced. The tissues
were fixed in 10% neutral buffered formalin and pro-
cessed into formalin-fixed paraffin embedded (FFPE)
blocks. They were subsequently sectioned and stained
with H&E according to standard histological protocols.
Full sections were scanned using Zeiss Axio Scan.Z1 sys-
tem (Carl-Zeiss, Oberkochen, Germany). Wound edge
images were taken with Olympus System Microscope
BX43 (Olympus LS, Tokyo, Japan), at objective 20X or
zoomed in from the scanned images.

For rat tissue samples, histological sections (5 pm)
were stained with H&E using an autostainer (Leica Bio-
systems, ST5010 Autostainer XL, Germany). Tissue sec-
tions were dewaxed in clearene (#3803600E, Leica
Biosystems, Germany) and rehydrated through a graded
series of ethanol (Aik Moh Paints and Chemicals,
Singapore) to water (2 x clearene for 5 min, 2x 100%
ethanol for 2 min, 2x 95% ethanol for 2 min and 1x 70%
ethanol for 2 min). Subsequently, slides were immersed
in haematoxylin (#3801570, Leica Biosystems, Germany)
stain for 1 min followed by an immediate rinse in run-
ning tap water to remove excess haematoxylin stain. To
remove background staining, slides were then submerged
in 0.3% acetic acid [0.3% (v/v) concentrated hydrochloric
acid, 70% (v/v) ethanol and 29.97% (v/v) distilled water
(DD)] and rinsed in running tap water. Thereafter, the
slides were quickly dipped into Scott's tap water [0.5%
(v/v) sodium bicarbonate and 5% (v/v) magnesium sul-
phate in DI water] to enhance the contrast of the H&E
stain and rinsed with running tap water. Slides were then
immersed into alcoholic eosin Y 515 stain (#3801615,
Leica Biosystems, Germany) for 2 min. Subsequently, the
slides underwent a dehydration process through a series
of ethanol and then clearene (1 x 70% ethanol for 2 min,
2 X 95% ethanol for 2 min, 2 x 100% ethanol for 2 min
and 1x clearene for 2 min). Slides were then mounted
and sealed with a coverslip using Limonene mounting
medium. When dry, the slides were imaged on a slide
scanner (Zeiss Axioscan). All H&E staining was carried
out with an autostainer (Leica Biosystems, ST5010

Autostainer XL, Germany) and imaged using a slide scan-
ner (20x objective, Carl Zeiss, Zeiss Axioscan Z1,
Germany). Tissues were analysed and regions of interest
captured using Zeiss Zen Black software (Carl Zeiss,
Germany).

214 |
staining

Immunohistochemistry (IHC)

For DED-HSE samples, FFPE blocks were sectioned and
processed for IHC using standard protocols.”® Three
markers, Tumour protein 63 (p63), Keratin 14 (K14) and
Keratin 10 (K10) were selected to assess the effects of
treatment on cell proliferation and differentiation. The
following primary antibodies (dilution) were used: mouse
monoclonal anti-K10 (1:200), mouse monoclonal anti-
K14 (1:25), and mouse monoclonal anti-p63 (1:50). Heat-
induced epitope retrieval of the FFPE sections used 90°C
heated 0.01 M sodium citrate buffer pH 6 for 15 min.**-*°

2.15 | Measurement of re-
epithelialization in rat wound tissue
sections

Regions of interest (ROIs) (2000 pm by 2000 pm) in the
wound edges of H&E-stained sections were cropped and
exported using the Zeiss Zen Black software. The length
of the epithelial tongue was measured using Image J. The
length of nascent epidermis outgrowing from both
wound edges was expressed as a percentage of the total
length of the wound bed to get the percentage of re-
epithelialization for each sample.

2.16 | Quantification of inflammatory
cells in rat wound tissue sections

Two ROIs (250 pm by 250 pm) from H&E-stained sec-
tions at the wound edges interfacing with the secretome
were cropped and exported using the Zeiss Zen Black
software. The number of macrophages and neutrophils
were quantified manually with the assistance of the
Image J counter tool. Individual inflammatory cells were
identified by their nuclear morphology.

2.17 | Quantification of fibroblasts and
blood vessels in rat wound tissue sections

Tile scan images of H&E-stained sections were analysed
using Zeiss Zen Black software to select three regions of
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interest (250 pm by 250 pm for fibroblast and 500 pm by
500 pm for blood vessels) for subsequent quantification of
fibroblasts and blood vessels using Image J counter tool.

2.18 | Equipment, reagents, and
chemicals

DMEM (#11054020), Glutamax (#35050061), NEAA
(#11140050), TrypLE™ (#12563011), PBS (#20012027),
PFA (#28906), Trypan Blue (#15250061), and StemPro™
chondrogenesis (#A1007101) /osteogenesis (#A1007201)
differentiation kit were from Gibco, Life Technologies,
USA. FBS (#SV30160.03HI) and HBSS (#SH30588.01)
were from HyClone, Cytiva, USA. Penicillin-
streptomycin (#L0022) was from Biowest, France. Cryos-
torl0 (#07930) was from Biolife Solutions, USA.
MesenCult™ adipogenic differentiation kit (#05412) was
from Stem Cell Technologies, Canada. Safranin O
(#TMS-009-C), crystal violet (#V5265), Oil Red
O (#01391), Alcian Blue (#TMS-010-C) and Alizarin Red
(#TMS-008-C) staining solutions, concentrated hydro-
chloric acid (#320331), sodium bicarbonate (#S6014),
magnesium sulphate (#M7506), Limonene mounting
medium (#08015) and Pluronic (#P2443) were from
Sigma Aldrich, USA. Human recombinant monoclonal
anti-CD14 (#130-110-518), CD34 (#130-120-514), CD45
(#130-110-771), CD73 (#130-111-909), CD90 (#130-
114-859), and CD166 (#130-119-769) were from Miltenyi
Biotech, Germany. Mouse monoclonal anti-CD105
(#800506) antibody was from Biolegend, USA. Mouse
monoclonal anti-K10 (#M7002) was from Dako (Agilent
Technologies, Santa Clara, California, USA). Mouse
monoclonal anti-K14 was a gift from E. Birgitte Lane's
lab (Skin Research Institute of Singapore, A*STAR).
Mouse monoclonal anti-p63 (#Ab735) was from Abcam
(AbCam, Cambridge, UK). Human recombinant FGF2
(#130-104-924), EGF (#130-097-749), TGF-beta (#130-
095-067), and PDGF-BB (#130-108-163) were from Milte-
nyi Biotech, Germany.

2.19 | Statistical analyses

Data are expressed as mean + standard deviation (S.D) or
standard error of the mean (S.E.M). Graphpad Prism 8.0
was used to perform statistical analysis. All data amenable
to statistical analysis were subjected to Shapiro-Wilk test
to ascertain for normality. Normally distributed data was
analysed with parametric statistical tests. Comparison
between two groups was performed using Student's inde-
pendent t-test. Multiple comparisons were subjected to
one-way analysis of variances (ANOVA) followed by
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Tukey's post hoc test to ascertain statistical significance. If
data was not normally distributed, non-parametric tests,
Kruskal Wallis and Mann Whitney U-tests, were used. p-
values <0.05 were considered statistically significant.

3 | RESULTS

3.1 | Characterisation of human
Wharton's jelly stem cells and secretome
from high density 2-dimensional

(2D) hWISC culture

In-house derived human Wharton's jelly stem cells
(hWJSCs) were successfully isolated and cultured. Flow
cytometry, differentiation and assessment of cell pheno-
type were used to determine if the cells were mesenchy-
mal stem cells. Flow cytometry analysis of the cultured
hWISCs at passage 3 showed that the cells were positive
for CD73, CD90, CD105, CD166 and negative for CD14,
CD34, CD45 (Figure 1A). The cells were plastic adherent
with a fibroblastic morphology and could undergo adipo-
genesis, osteogenesis and chondrogenesis (Figure 1B).
These characteristics satisfy the minimum criteria for
mesenchymal stem cells (MSCs)*' and the cells were used
for secretome production.

The human WIJSCs were cultured to a high density
(greater than 95% confluency) in  Corning®
HYPERFlasks® (mimics industrial scale system) prior to
initiating secretome production. The secretome produced
from this high density hWJSC culture was collected, con-
centrated, and analysed. Total protein concentration of
concentrated secretome was approximately 6000 pg/mL.
Extracellular vesicle concentration was approximately
825 pg/mL. Factors in concentrated secretome were ana-
lysed using an antibody based multiplex screening panel
comprising 48 analytes and the concentrations are shown
in Table 1. Of the 48 analytes, granulocyte colony stimulat-
ing factor (G-CSF), hepatocyte growth factor (HGF), inter-
leukin 6 (IL6), interleukin 8 (IL8) and stem cell growth
factor-beta (SCGFbeta) were present at the highest con-
centrations (>50 ng/mL). This was followed by growth-
related oncogene alpha (GROalpha), leukaemia inhibitory
factor (LIF), macrophage chemotactic protein 1 (MCP1)
and TNF-related apoptosis inducing ligand (TRAIL) at 20-
50 ng/mL. Most analytes®® were below 10 ng/mL.

3.2 | Effect of secretome on cell
proliferation and 2D scratch assay closure

HaCaT keratinocytes and human dermal fibroblasts
(HDF) were treated with secretome at 0, 30, 100, and
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300 pg/mL for 3 days to assess effects of secretome on cell
proliferation. secretome dose-dependently increased both
HaCaT and HDF proliferation, with 300 pg/mL showing
the greatest effect (Figure 2A,B). Based on these results,
secretome was tested at 300 pg/mL in a 2D scratch assay
to assess its potential in wound healing. HaCaT keratino-
cytes and human dermal fibroblasts (HDF) were treated
with 300 pg/mL secretome for three (HaCaT keratino-
cytes) or two (HDF) days after scratching. For both
HaCaT and HDF cells, secretome-treated scratches
showed an increase in scratch closure compared to those
treated with secretome control (Figure 2C,D). Conse-
quently, secretome was tested at 300 pg/mL based on
total protein concentration for both DED-HSE and
in vivo wound closure studies.

3.3 | Effect of secretome on DED-HSE
wound closure

To assess wound healing effects in a more physiological
model, wounded DED-HSEs (n = 6) were left untreated
or treated with FBS, secretome, and control medium on
days 0, 1 and 2 after wound creation. Wound closure was
assessed by MTT staining at days 4 and 7 post-wounding.
Secretome treatment resulted in significant acceleration
of wound closure compared to media control and
untreated (blank) wounds (**p < 0.01 at day 4 and 7).
Secretome-treated wounds were almost fully healed by
day 4, similar to the FBS-treated positive controls (p-
value = 0.15 at day 4, p-value = 0.52 at day 7, secretome
vs. FBS) (Figure 3A,B).
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TABLE 1 Concentration of analytes in concentrated secretome.

Analyte Concentration (ng/mL) Analyte Concentration (ng/mL) Analyte Concentration (ng/mL)

Basic FGF 3.01 IL-17 0.37 MCP-1* 22.57

B-NGF 0.13 IL-18 0.24 MCP-3 16.80

CTACK 0.68 IL-1a 4.53 M-CSF 0.81

Eotaxin 12.43 IL-1b 0.31 MIF 5.91

G-CSF” 522.20 IL-1ra 8.39 MIG 1.26

GM-CSF 0.26 IL-2 0.25 MIP-1a 0.06

GRO-a* 39.41 IL-2Ra 1.48 MIP-1b 0.54

HGF® 78.69 IL-3 0.03 PDGF-BB 3.84

IFN-a2 0.46 IL-4 0.25 RANTES 1.17

IFN-y 4.51 IL-5 4.52 SCF 12.58

IL-10 0.08 IL-6 137.31 SCGF-b° 1399.51

1L-12 (p40) 6.62 IL-7 0.33 SDF-1a 8.45

IL-12 (p70) 0.10 IL-8° 233.11 TNF-a 3.33

IL-13 0.10 IL-9 1.60 TNF-b 0.83

IL-15 8.40 IP-10 0.88 TRAIL? 38.59

IL-16 0.53 LIF* 22.55 VEGF 0.00

Note: List of factors in screening panel and their respective concentrations in 1 mL of concentrated secretome.

#Concentration present between 20 and 50 ng/mL.
PConcentration above 50 ng/mL.

H&E staining of DED-HSE cross sections showed that
both secretome and FBS treatments led to faster re-
epithelialisation by day 4, with a thicker proliferative epi-
dermal layer seen in sceretome-treated wounds
(Figure 4A). By day 7, secretome-treated epidermis were
fully mature, with a thin proliferative/migratory basal
epidermis and thick stratum corneum compared to FBS-
treated DED.HSE, which showed mostly proliferative/
migratory basal epidermis (Figure 4B). IHC staining with
Keratin 14 and P63 confirmed more advanced differentia-
tion of the newly formed epidermis in wounds treated
with secretome compared to media control at day 7. Thin-
ner proliferative/migratory basal layer and thicker stra-
tum granulosum was observed in neo-epidermis treated
with secretome compared to media control, suggesting
that secretome accelerated re-epithelialisation and epi-
dermal maturation (Figure 4B).

3.4 | Effect of secretome on wound
healing in a rat acute wound model

Pluronic gel with secretome or control medium was
observed to have a slower rate of degradation as com-
pared to the base gel alone. To achieve a similar degra-
dation rate previously established in the laboratory as
optimal for testing, the percentage of Pluronic in

secretome and media control gel was titrated
(Figure S1). Titration studies showed that both secre-
tome and media control gels had similar degradation
rates when formulated in a 20% gel. Consequently,
secretome and media control was formulated in 20%
Pluronic gel for application onto wounds in rats.
Wounds (n = 3) were left untreated, treated with Pluro-
nic gel with media control, or treated with Pluronic gel
with secretome at 0, 1 and 2 days post-wounding, and
wounds were harvested for downstream analysis at
3 and 5 days post-wounding.

To assess the efficacy of the secretome on promoting
wound healing, the extent of nascent epidermal growth
across the wound bed was measured. Wounds treated
with secretome demonstrated faster re-epithelialization
in comparison with control wounds. As early as day
3 post-wounding, all the wounds treated with secretome
had completely re-epithelialized. In contrast, both
untreated and control medium-treated wounds remained
open at day 3, with some remaining open even at day
5 (Figure 5A,B). In parallel, the effects of secretome treat-
ment on wound vascularisation was assessed by quantify-
ing the number of blood vessels in the newly formed
granulation tissue. There was also an observed increase
in blood vessel count in secretome-treated wounds com-
pared to media control-treated and untreated wounds on
days 3 and 5 post-wounding (Figure 6B,C).
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Neutrophils and macrophages at wound edges inter-
facing the gel were counted and analysed to investigate
the inflammatory reaction under the different treatment
conditions. At both day 3 and day 5, secretome-treated
wounds had the lowest neutrophil counts among the
three groups (Figure 7B,C). Macrophage counts for
secretome-treated wounds were the lowest among the
three groups at Day 3 (Figure 7B,D). However, on Day
5, an overall increase in macrophage counts were seen
for all three groups where secretome-treated groups
showed the highest levels of macrophages (Figure 7B,D).
Observation of the wound bed suggested that secretome-
treated wounds had more mature granulation tissue. To
determine if new ECM was being deposited, fibroblast
infiltration within the newly formed granulation tissue
was quantified. There was a greater degree of fibroblast
infiltration in the secretome-treated wounds compared to
media control-treated and untreated wounds on both day
3 and 5 post-wounding (Figure 8B,C).

4 | DISCUSSION

In this study, we investigated the potential of secretome
derived from prolonged culture of high-density industrial
scale 2D human Wharton's jelly stem cells (hWJISCs) in
promoting wound healing. Our results reveal evidence of
the remarkable efficacy of hWJSC-secretome in accelerat-
ing wound closure and enhancing tissue regeneration
both in vitro and in vivo.

The accelerated wound closure observed in DED-
HSEs treated with secretome corroborates the in vitro
proliferation and scratch assay results and further under-
scores its influence on the fundamental processes of epi-
thelial proliferation and differentiation. It is notable that
the re-epithelialisation stimulated by FBS, which is rich
in growth factors, mostly comprised a proliferative basal
layer without the stratum corneum while secretome
promoted epidermal differentiation and cornification.
This observation suggests that secretome produced by
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prolonged, high-density industrial scale 2D culture of
hWIJSCs accelerates epithelial proliferation and its subse-
quent differentiation into mature skin.

The observed outcomes align with previous studies
that highlighted the regenerative potential of stem cell
secretome and revealed stimulating factors secreted by
WISCs. Growth factors such as hepatocyte growth factor
(HGF) and granulocyte colony stimulating factor

(G-CSF), cytokines such as interleukins 6 and 8 (IL6 and
IL8), and extracellular vesicles such as exosomes were
detected the hWJSC secretome.®**** Importantly, these
factors were also present at significant levels in the secre-
tome produced by prolonged 2D culture of hWJSCs at
high density.

In the rat acute wound model, the secretome signifi-
cantly enhanced cutaneous wound healing as evidenced
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by faster wound closure and vascularisation rates, faster
resolution of inflammation and increased presence of
fibroblast and blood vessels in the newly formed granula-
tion tissue. This has also been observed by others, where
conditioned medium from Wharton's jelly stem cells
strongly promoted wound healing in rodents.*>***> Nota-
bly, the promotion of re-epithelialisation suggests a direct
impact on the restoration of the skin barrier function,
which requires epidermis regeneration involving kerati-
nocyte proliferation, differentiation, and migration. This
process is also crucial for the prevention of water loss
and infection.

Examination of the inflammation at the wound
periphery is crucial for understanding the host response
to the secretome. During normal healing, neutrophil
numbers initially surge in the early inflammatory
response, followed by a subsequent decline coinciding
with macrophage infiltration to the wound site. The low
levels of neutrophil numbers in secretome-treated
wounds on both days 3 and 5 suggest that the secretome
did not provoke an undesired inflammatory response and
possibly resolved inflammation faster. This may explain
the rise in macrophage numbers seen in secretome-
treated wounds on day 5, which may be attributed to a
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possible increase in M2 macrophages that are crucial for
cell proliferation and tissue repair. The immunomodula-
tory effects of umbilical cord-derived mesenchymal stem
cell secretome in wound healing are well documented
and have been extensively reviewed.'®>¢

Presence and activity of fibroblasts in granulation tis-
sue are essential for efficient wound healing and tissue
repair as they are responsible for synthesising and

FIGURE 6
count. (A) Schematic illustrating regions

Analysis of blood vessel

of interest in red boxes. WE, wound edge.
Black arrows represent blood vessels.

(B) Representative images taken from
within wound bed. (C) Quantification of
blood vessel count on Day 3 and Day
5.(n > 3, where n represents 1 biological
repeat).

Secretome

depositing extracellular matrix components that provide
structural support and integrity to the healing wound. As
the secretome promotes both epithelial and fibroblast
proliferation and migration, it corresponds to the
observed increased presence of fibroblasts in the wound
bed of secretome-treated wounds, which explains the fas-
ter re-epithelialization seen in these wounds. Fibroblasts
deposit extracellular matrix components, creating a
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scaffold that provides mechanical support and guidance
for migrating epithelial cells during re-epithelialization
that facilitates wound closure. In addition, fibroblasts
also secrete growth factors and cytokines that promote
epithelial cell proliferation, differentiation, and migra-
tion, which further enhances the secretome effects. In
fact, Hendrawan's group showed that human umbilical
cord mesenchymal stem cell conditioned medium could
promote fibroblast collagen synthesis,’” which supports

our observation of more mature granulation tissue in the
wound bed of secretome-treated wounds.

Adequate oxygen and nutrient supply delivered by
blood vessels are essential to maintain activity of fibro-
blasts, keratinocytes, and immune cells that are needed
for tissue repair. The enhanced vascularization observed
in secretome-treated wounds strongly suggests that the
secretome possesses potent pro-angiogenic properties,
which facilitates creation of a microenvironment
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conducive to efficient tissue repair and is consistent with
the literature.®* Taken together, the above study data
clearly demonstrates that the secretome has profound
effects on multiple facets of wound healing that supports
the use of the secretome as a wound therapeutic.

In conclusion, our study demonstrates that the secre-
tome derived from prolonged high-density industrial
scale 2D hWJSC culture possesses potent wound healing
properties. Therefore, our study indicates that it is

possible to harvest a much larger quantity of factors from
a single batch of cells via multiple collections over a pro-
longed period compared to a single collection. This is cru-
cial in lowering the overall cost of production as the cells
explanted from umbilical cords are a high value material
and the culture medium and single-use consumables
used in expanding the cells are often the most expensive
components in the system. The observed enhancements
in wound closure, epithelial proliferation, inflammation
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resolution, vascularization and granulation maturation
hold promising implications for the development of cost-
effective and efficacious secretome-based wound healing
products.
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