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Psoriasis is a common chronic inflammatory disease in which Kkeratinocytes proliferate abnormally due to excessive
immune action. Psoriasis can be associated with various comorbidities and has a significant impact on health-related
quality of life. Although many systemic treatments, including biologic agents, have been developed, topical treatment
remains the main option for psoriasis management. Consequently, there is an urgent need to develop topical treatments
with minimal side effects and high efficacy. Mesenchymal stem cells (MSCs) exhibit excellent immune regulation,
anti-inflammatory activities, and therapeutic effects, and MSC-derived extracellular vesicles (EVs) can serve as crucial
mediators of functional transfer from MSCs. Therefore, this study aimed to develop a safe and easy-to-use emulsion
cream for treating psoriasis using MSC conditioned media (CM) containing EVs. We developed an enhanced Wharton’s
jelly MSC (W]J-MSC) culture method through a three-dimensional (3D) culture containing exogenous transforming
growth factor- 83. Using the 3D culture system, we obtained CM from WJ-MSCs, which yielded a higher EV production
compared to that of conventional WJ-MSC culture methods, and investigated the effect of EV-enriched 3D-W]J-
MSC-CM cream on psoriasis-related inflammation. Administration of the EV-enriched 3D-WJ-MSC-CM cream sig-
nificantly reduced erythema, thickness, and scaling of skin lesions, alleviated imiquimod-induced psoriasiform lesions
in mice, and ameliorated histopathological changes in mouse skin. The upregulated mRNA expression of inflammatory
cytokines, including IL-17a, IL-22, I1.-23, and IL-36, decreased in the lesions. In conclusion, we present here a new
topical treatment for psoriasis using an MSC EV-enriched cream.

Keywords: Psoriasis, Extracellular vesicles, Mesenchymal stem cells, Emulsions, Immunomodulation

Received: July 29, 2024, Revised: August 13, 2024, Accepted: September 3, 2024, Published online: October 14, 2024
Correspondence to Ssang-Goo Cho
Department of Stem Cell and Regenerative Biotechnology, Molecular & Cellular Reprogramming Center and Institute of Advanced Regenerative
Science, Konkuk University, 120 Neungdong-ro, Gwangjin-gu, Seoul 05029, Korea
E-mail: ssangoo@konkuk.ac.kr
Co-Correspondence to Ki-Heon Jeong
Department of Dermatology, College of Medicine, Kyung Hee University, 23 Kyungheedae-ro, Dongdaemun-gu, Seoul 02447, Korea
E-mail: khjeong246@khu.ac.kr

(© This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/),
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © 2024 by the Korean Society for Stem Cell Research

407



408 International Journal of Stem Cells 2024;17:407-417

Introduction

Psoriasis is a common, chronic inflammatory disease
characterized by abnormal keratinocyte proliferation due
to excessive immune action and histological symptoms of
hyperkeratosis, acanthosis, and parakeratosis (1). It pres-
ents with erythema and plaque and has comorbid diseases,
such as arthritis and inflammatory bowel disease (2, 3).
The physical, emotional, and social effects of psoriasis are
reported to be comparable to or even more severe than
those observed in patients with heart disease, cancer, ar-
thritis, and diabetes (4). Patients with psoriasis are more
likely to experience depression due to psychological and
social problems, and 7.2% of them consider suicide (5).
When patients with psoriasis are treated, symptoms of de-
pression are often significantly reduced (6). Therefore, un-
derstanding and treating psoriasis are important.

Current clinical treatments for psoriasis are divided into
local treatments, such as topical corticosteroids and vitamin
D analogs, and systemic treatments, such as methotrexate
(MTX), acitretin, and cyclosporine, depending on the dis-
ease severity. Local treatments are simple but cosmetically
unappealing for daily use and lose efficacy over time; how-
ever, systemic treatments have a broader action but cause
various side effects (7). For these reasons, biological agents
are required for efficient treatment without side effects.

Mesenchymal stem cells (MSCs) are widely utilized in
the treatment of various diseases due to their prominent
features, including immunomodulatory, anti-inflammatory,
and antitumor effects, cell suicide prevention, wound heal-
ing, and tissue recovery (8-11). Clinical and preclinical
studies have demonstrated that MSC injections can sig-
nificantly reduce the severity of psoriasis (12). However,
as problems associated with cell therapy continue to emerge,
new methods are required. Conditioned medium (CM) de-
rived from MSCs is a new method that has therapeutic
effects on psoriasis (13). In a recent study, effective factors
within stem cells were packaged and delivered in signal
transmission vesicles, known as extracellular vesicles (EVs),
which typically range in size from 50~200 nm (14).
Research using EV-enriched MSC CM has not been re-
ported for psoriasis, and we thus considered creating MSC
CM with a high concentration of EVs containing effective
factors to enhance the therapeutic function of MSCs. To
increase the yield of EVs derived from MSCs, methods in-
cluding the addition of external substances, such as lip-
opolysaccharides (LPS) (15), thrombin (16), and eMTD
(17), and changing the culture conditions to hypoxic (18)
or three-dimensional (3D) environments (19). Our pre-
vious study showed that 3D culture methods and trans-

forming growth factor-/43 (TGF-£3) addition enhanced
EV production and the therapeutic efficacy of MSCs (19,
20). In the current study, our goal was to develop an easily
applicable and side-effect-free treatment by producing
MSC CM as an emulsion cream.

Materials and Methods

Cell culture

Isolation and characterization of Wharton’s jelly MSCs
(WJ-MSCs) were approved by the Institutional Review
Board (7001355-202010-BR-407) of Konkuk University.
(21). WJ-MSCs were cultured using CoreMAX MSC XF-
AD (CM001-01; CORECELL), supplemented with 10%
Serum Replacement (CM001-02; CORECELL) and 0.5%
antibiotics (CM001-03; CORECELL), and maintained at
37°C in a humidified atmosphere with 5% CO,.

In our study, CM was produced from WJ-MSCs cultured
via two-dimensional (2D) and 3D culture systems. For
2D-WJ-CM production, WJ-MSCs were seeded at 7x10°
cells in a 175 mm dish (159910; Thermo Fisher Scientific)
until they reached 80% confluency and then incubated at
37°C with 5% CO; for four days in medium containing
EV collection medium (M2001; RoosterBio). For 3D cul-
ture, AggreWell400 plates (ST34425; STEMCELL Tech-
nologies) were precoated with Rinsing solution (ST07010;
STEMCELL Technologies). The plates precoated with
Rinsing solution were centrifuged at 1500 g for 5 minutes
to eliminate bubble. The rinsing solution from the plate
was removed and each well was washed twice with 1 mL
of phosphate-buffered saline (PBS) (10010023; Gibco). WJ-
MSCs were suspended with EV collection medium and
seeded at 1.5x10° cells/well in AggreWell400 plates that
were precoated with Rinsing solution. The total EV collec-
tion medium volume per well was 3 mL. The cells cul-
tured overnight at 37°C with 5% CO; for the formation
of MSC spheroids. The generated MSC spheroids were
gently resuspended and washed with 1 mL of EV collec-
tion medium per well. The obtained cell suspension was
centrifuged at 204 g for 1 minute to eliminate supernatant.
The spheroids were then transferred to a 1 L Erlenmeyer
flask (431147; Corning Inc.) containing 500 mL EV collec-
tion medium with added TGF- 83 (100-36E-10; PeproTech)
at a concentration of 10 ng/mL. Next, we placed the MSC
spheroid-containing flasks onto an orbital shaker with a
sticky mat (69455, Celltron; INFORS HT) and subjected
them to shaking at 100 rpm for four days in a humidified
atmosphere at 37°C with 5% CO,.
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Characterization of conditioned media

The size and concentration of EVs were measured using
nanoparticle tracking analysis (NTA) with ZetaView (TWIN
PMX-220; Particle Metrix) and the corresponding ZetaView
8.05.16 software. Before measurements, all the samples
were diluted in 0.2 «m-filtered PBS in the range of 75~
250 particles per frame for analysis. NTA was performed
using the following settings: focus, auto; camera sensitivity,
80; frames per second, 30; shutter speed, 100; scattering
intensity, detected automatically; and temperature, 22°C.

Protein quantification of CM was performed using a
BCA protein assay kit (23225; Thermo Fisher Scientific),
following the manufacturer’s protocol.

Production of EVs

To isolate EVs from the culture supernatant, differential
centrifugation was employed after 2D or 3D cell culture.
The supernatant was centrifuged at 300 g for 10 minutes to
eliminate cell debris. Subsequently, another centrifugation
step at 2,000 g for 10 minutes was performed to remove the
remaining debris. This was followed by a 30-minute cen-
trifugation at 10,000 g. Finally, ultracentrifugation was car-
ried out at 178,000 g for 2 hours at 4°C to precipitate the EVs.

ELISA

For the TGF- 81 ELISA assay, we loaded 1x10” particles
of EVs diluted in PBS into one well that had been coated
with human TGF- 81 DuoSet (DY-240-05; R&D Systems)
and Capture AB solution using the Ancillary Reagent Kit
1 (DY007; R&D system), following the manufacturer’s pro-
tocol. First, non-coated wells were loaded with 100 «L Cap-
ture AB solution (2 #g/mL) and incubated overnight at
room temperature (RT). Following incubation, the coated
wells were blocked, whereafter 100 «L standards or sam-
ples containing EVs were added for a 2-hour incubation
at RT. Subsequently, 100 «L Detection AB (50 ng/mL)
was introduced, followed by another 2-hour incubation at
RT. Then, streptavidin-HRP conjugate was added. After

Table 1. The ingredient of emulsion components

a 20-minute incubation with substrate solution at RT, the
reaction was terminated with the addition of 50 «L stop
solution. Finally, the absorbance was measured at a wave-
length of 450 nm using a microplate reader.

To quantify the levels of mTNF-« (BGK06804; Pepro-
tech), mIL-6 (BGK08505; Peprotech), and mIL-1 3 (BGK10749;
Peprotech), ELISA assays were performed according to the
manufacturer’s protocol. Briefly, 100 L of cell culture
supernatant was added to antibody-coated wells and in-
cubated at 37°C for 90 minutes. Subsequently, the wells
were incubated with biotinylated secondary antibody fol-
lowed by avidin-biotin-peroxidase complex. We then add-
ed a color-developing reagent incubated for 10 to 30 mi-
nutes and finally added the stop solution to terminate the
reaction. Finally, the absorbance was measured at a wave-
length of 450 nm using a microplate reader.

Cell characterization

For the measurement of changes in immunophenotypic
properties of the WJ-MSCs after 3D culture and TGF- 33
treatment, we measured the expression levels of surface
markers using FACS analysis. The cells were trypsinized us-
ing 0.25% trypsin-EDTA (Gibco) and centrifuged at 459 g
for S minutes. After removing the supernatant, the cell
pellet was suspended in D-PBS containing 2% FBS, in
which the primary antibodies were diluted by 1 : 200. The
primary antibodies used were anti-CD90 (AF2067; R&D
Systems), anti-CD105 (MAS5-11854; Invitrogen), and anti-
CD45 (130-110-771; Miltenyi Biotec). Cells were allowed
to bind to the primary antibodies for 1 hour and 30 mi-
nutes at 4°C, which was followed by a washing step with
PBS via centrifugation at 165 g for 5 minutes. The cells
were then incubated with secondary antibodies, including
goat anti-mouse IgG (A28175; Invitrogen) and donkey an-
ti-sheep IgG (ab7009; Abcam) for 1 hour and 30 minutes
at 4°C, followed by washing with PBS. Flow cytometry
(CytoFLEX; Beckman Coulter) was used to measure fluo-
rescence intensities of the labeled antibodies.

Ingredient
Y%ow/w g
DW Olive ol MTX 2DW-CM  3D-W-CM PO'ysoébate ® Carbopol980  Total
PBS 46.200 50 - - - 3 0.8 100
MTX 46.175 50 0.025 - - 3 0.8 100
2D 14.475 50 - 31.725 - 3 0.8 100
3D 7.015 50 - - 39.185 3 0.8 100

DW: distilled water, MTX: methotrexate, 2D: two-dimensional, WJ: Wharton’s jelly, 3D: three-dimensional, CM: conditioned media, PBS:

phosphate-buffered saline.
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Emulsion cream production

The ingredient of emulsion components for each
group is shown in Table 1. Rheodol TW-S120V (poly-
sorbate-60; Kao Chemicals) and extra virgin olive oil
(Kerfoot) were added to a 1 L beaker and mixed for
10 minutes with a stirrer (HS-50A; DAIHAN Scientific)
at 1,500 rpm. After the addition of distilled water (DW),
MSC CM or MTX was introduced and mixed for 10 mi-
nutes under the same conditions at 1,500 rpm. Finally,
Carbopol 980 (Carbomer; WhatSoap) was added and
mixed for 15 minutes at 2,000 rpm.

Mice and /n wvivo experiments

Eight-week-old BALB/c mice (female, 202 g) were pur-
chased from JA BIO. All experimental procedures were ap-
proved by the Institutional Animal Care and Use Commi-
ttee (IACUC) of Konkuk University (IACUC: KU23104). All
animals were housed for one week before the experiment
for proper acclimatization in a well-ventilated room with
adjusted temperature and humidity and a 12 hours light/12
hours dark cycle. Food and water were provided ad libitum.

Mice received a daily topical dose of 50 mg commer-
cially available imiquimod (IMQ) cream (5%) (Aldara; 3M
Pharmaceuticals) on their shaved backs for six consecutive
days. To measure the therapeutic potency of the emulsion
cream, we divided the mice into five groups as follows:
(I) normal (IMQ untreated control), (2) vehicle (PBS) cre-
am-treated, (3) MTX cream-treated, (4) 2D-WJ-CM cream-
treated, and (5) 3D-WJ-CM cream-treated groups (n=8
mice/group). We applied 130 mg emulsion cream to shaved
backs of the mice for three consecutive days. The doses
added for each were as follows in 130 mg of the emulsion
cream: 2D- and 3D-MSC secretome were treated with 50 1g
based on protein volume, and MTX treated with 5 mg/kg.
Subsequently, the animals were euthanized for RNA ex-
pression and histological analyses. Erythema, scaling, and
thickness of the back skin were scored independently ev-
ery day on a scale of 0~4 (22). To score the severity of
back skin inflammation, we used the clinical psoriasis area
and severity index. However, for the mouse model, the
skin area of psoriasis was not considered. Erythema, dead
skin cells, and skin thickness were scored from 0~4,
which represented the following: 0, none; 1, slight; 2, nor-
mal; 3, severe; 4, very severe.

Histological analysis

Skin tissues were collected and fixed using 4% paraf-
ormaldehyde (PFA) in PBS, followed by rinsing with PBS
to remove PFA traces. The tissue was then transferred into
a mold with an optimal cutting temperature (OCT) com-

pound (Tissue-Tek), with careful orientation of the tissue.
Then, it was placed over dry ice for several minutes for
equilibration and subsequently stored at —80°C until cry-
osectioning. For cryosectioning, the samples were mount-
ed on a specimen chuck with OCT compound and then
loaded onto the cryostat object holder, with the holder blade
adjusted relative to the sample. The tissue blocks were then
cut into 3- #m sections and stained with H&E. H&E data
were analyzed using SlideViewer 2.7.0.191696 software.

RNA isolation, cDNA synthesis, and reverse
transcription-polymerase chain reaction analysis

Skin tissues were homogenized, and total RNA isolated
from the tissues using LaboZol reagent (CMRZ001; Labo-
Pass), according to the manufacturer’s instructions. The
purified RNA was quantified using a NanoDrop spec-
trophotometer (ND-ONE; NanoDrop Technologies, Inc.).
The ¢cDNA was synthesized from 2 g total RNA using
an M-MuLV reverse transcription kit (CMRT010; Labo-
pass) and oligo dT primers. Polymerase chain reaction
(PCR) was performed using the HiPi Real-Time PCR 2x
Master Mix (SYBR green, ROX) (EBT-1802; ELPISBIO).
The primers were designed using Primer3 (ver. 4.1.0)
as follows: TLR7, F: 5-GTGATGCTG TGTGGTTTG
TCTGG-3, R: 5-CCTTTGTGTGCTCCTGGACCTA-3’;
IL-17a, F: 5°- CAGACTACCTCAACCGTTCC AC-3, R
S’-TCCAGCTTTCCCTCCGCATTGA-3’; 11.-23a, F: 5-CA
TGCTAGCCTGGAACGCACAT-3’, R: -ACTGGCTG
TTGTCCTTGAGTCC-3%; IL-22, F: 5°- GCTTGAGGTG
TCCAACTTCCAG-3’, R: 5-TCCAGCTTTCCCTCCGC
ATTGA-3; IL-36, F: 5- TTGACTTGGACC AGCAGGTGTG-
3P, R: - GGGTACTTGCATGGGAG GATAG-3.

Measurement of nitric oxide production

RAW 264.7 cells were seeded at a density of 1.5x10°
cells per well in 24-well plates (30024; SPL) and cultured
overnight in incubator at 37°C with 5% CO,. Cells were
then stimulated with LPS (derived from Escherichia coli
O111:B4, 14391; Sigma-Aldrich), MTX, and EVs in DMEM
high glucose medium (D6429; Sigma-Aldrich) supple-
mented with 10% EV-depleted FBS. LPS was added at a
concentration of 10 ng/mL, and MTX was added at a con-
centration of 10 M. After 24 hours of stimulation, cul-
ture supernatants were collected and centrifuged at 200 g
for 3 minutes to remove cellular debris. Nitric oxide (NO)
levels were determined using the Griess reagent system.
Briefly, equal volumes of supernatant and Griess reagent
(a 1:1 mixture of 0.1% N-(1-naphthyl) ethylenediamine
dihydrochloride [33461; Sigma-Aldrich] and 1% sulfanila-
mide [S9251; Sigma-Aldrich] in 5% phosphoric acid [345245;
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Sigma-Aldrich]) were incubated for 15 minutes at RT. Ab- (GraphPad Software). Data are displayed as the mean+SEM.

sorbance was measured at 540 nm using a microplate reader. Unpaired two-tailed Student’s t-test (two groups) and one-way

or two-way ANOVA with Tukey’s post-hoc test (more than two

Statistical analysis groups) were performed to compare values and evaluate stat-

Statistical analyses were performed using GraphPad Prism istical significance. Statistical significance was set at p<<0.05.
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days 8~10. The experiment was terminated on day 12. 2D: two-dimensional, W): Wharton’s jelly, CM: conditioned media, 3D: three-dimen-
sional, MSCs: mesenchymal stem cells, IMQ: imiquimod.
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Fig. 2. Characterization of WJ-MSCs and their CM. (A) Comparative analysis of nanoparticles in 2D-WJ-CM and 3D-WJ-CM. The distribution
of nanoparticles by size, total concentration per milliliter, peak size (nm), and median size (nm) were measured using ZetaView (TWIN
PMX-220; Particle Metrix). (B) Comparison of protein volume and their EV purity (particle number/protein concentration) in 2D-WJ-CM
and 3D-WJ-CM. (O Total expression of TGF- 81 per 1x10° particles in EVs. TGF- 81 levels were significantly higher in 3D-WJ-CM compared
to those in 2D-WJ-CM. (D) Flow cytometry analysis of MSC-positive surface marker CD90/105 and negative surface marker CD45 in
2D-MSCs and 3D-MSCs. 2D: two-dimensional, WJ: Wharton's jelly, CM: conditioned media, 3D: three-dimensional, MSC: mesenchymal
stem cell, EV: extracellular vesicle, TGF-£ 1: transforming growth factor- 5 1. Results with a p-value<0.05 were considered statistically
significant. **p<0.01, ***p<0.001, ****p<0.0001.
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Results

Characterization of WJ-MSCs and their conditioned
media

We obtained WJ-MSC CM produced in 3D spheroids
stimulated with TGF- /. Culturing the WJ-MSCs in 3D
form enhanced several of their functions and increased the
production of nanoparticles (Fig. 1A). To induce psoriasis,
we applied IMQ cream for six days and then treated the
cream for three days. The WJ-MSC CM were prepared in
the form of an emulsion cream and used to treat the backs
of hair-removed mice. After the animal experiments were
completed, phenotypic, histological, and mRNA analyses
were performed (Fig. 1B).

We measured the nanoparticle and protein concentra-
tions in both 2D-WJ-CM and 3D-WJ-CM. 3D-WJ-CM had
about 2.7 times more nanoparticles than 2D-WJ-CM did,

0il 25%

showing a smaller mode and median size (Fig. 2A). The
protein concentration in 2D-WJ-CM was about 1.2 times
higher than that in 3D-WJ-CM (Fig. 2B). 3D-W]J-CM con-
tained approximately 3.2 times more nanoparticles than
2D-WJ-CM did when treated with the same protein con-
centration. In conclusion, the purity of samples containing
EVs was highest in 3D-WJ-CM (Fig. 2B). Moreover, EVs
derived from 3D-WJ-CM treated with TGF- 83 exhibited
higher TGF- 81 expression (Fig. 2C).

For assessing changes in immunophenotypic properties
of the WJ-MSCs produced in 3D spheroids stimulated
physically with TGF- 53, we measured the expression lev-
els of surface markers using FACS analysis. Finally, we an-
alyzed the expression levels of the positive MSC markers
using FACS analysis, which revealed that those of CD90-
PE and CDI105-FITC were similar in the 2D-MSC and
3D-MSC groups (Fig. 2D).
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Optimal 3D-MSC CM emulsion cream formulation
To conduct the most convenient clinical trials for skin
diseases, an emulsion cream formulation needs to be deve-
loped. Among the various CM conditions tested, we were
able to determine the optimal formulation. Initially, we
explored a formulation that maintained its shape to re-
main on back skin for a long period after application.
When 25% oil was added, 5% emulsifier had to be used.
When 50% oil was added, the cream formulation was
maintained, regardless of the amount of emulsifier used.
When 75% oil was added, at least 3% emulsifier had to
be used to maintain the cream formulation (Fig. 3A). Next,
we explored the degree of phase separation after emulsion
cream production. When 25% oil was added, DW separa-
tion occurred in all emulsion creams. When 50% oil was
added, DW separation occurred only when the emulsifier
concentration was 1%. When 75% oil was added, oil sepa-
ration occurred except when the emulsifier concentration
was 5% (Fig. 3B, 3C). Among the three conditions that
maintained the cream formulation and prevented phase
separation (50% oil, 3% emulsifier; 50% oil, 5% emulsi-
fier; and 75% oil, 5% emulsifier), the emulsifier, which is
a detergent ingredient, could decompose lipid membranes
(23). As the representative components of EVs are lipids,
we selected the condition with 50% oil and 3% emulsifier
because it contained the least amount of emulsifier. meas-
ure fluorescence intensities of the labeled antibodies.

A 5% IMQ

Normal Vehicle MTX 2D-WJ-CM  3D-WJ-CM
e |2 . A R
Y e 8 4 3

£ N

Thickness score (0-4)
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3D CM emulsion cream recovered IMQ-induced
psoriasis in mice

A phenotypic analysis was conducted to assess the ther-
apeutic efficacy of 3D-W]J-CM. The skin color of the 3D-
WJ-CM group closely resembled that of normal skin and
appeared devoid of the stratum corneum. By contrast, the
2D-WJ-CM group exhibited red skin and lacked dead skin
cells (Fig. 4A). Thickness, erythema, and scaling were scor-
ed to visualize therapeutic effects of the emulsion cream.
Cumulative score analysis revealed that the 3D-WJ-CM
group had the lowest score, indicating a more effective
treatment of psoriasis compared to that of the other groups
(Fig. 4B). In the vehicle group, hyperkeratosis, charac-
terized by excessive keratinocyte proliferation in the stra-
tum corneum, and parakeratosis, represented by retained
nuclei in the stratum corneum, were clearly observed. Ad-
ditionally, symptoms of acanthosis, marked by epidermal
thickening, were evident. In contrast, in the group treated
with 3D-WJ-CM, the symptoms improved significantly. In
addition, the symptoms improved not only after 3D-WJ-
CM treatment, but also when the natural 2D-WJ-CM
cream was used (Fig. 5A). Treatment affected not only the
mouse phenotype, but also the cytokine mRNA levels.
IMQ is a ligand of TLR7 and TLRS8 (24), and psoriasis-in-
duced mice showed high TLR7 levels, whereas the mRNA
levels of TLR were lowered when treated with the 3D-
WJ-CM cream. The mRNA levels of IL-17 @, IL-23 @,
IL-22, and IL-36, which are involved in downstream sig-
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Fig. 4. Phenotype of 3D-WJ-CM cream-treated psoriasis-like mice. Mice were randomly divided into five groups: normal, IMQ-+vehicle,
IMQ+MTX, IMQ+2D-WJ-CM, and IMQ-+3D-WJ-CM groups. (A) Two representative photographs of mice phenotypes before sacrifice.
(B) In the back skin of BALB/c mice, the thickness, erythema, and scaling were scored from 0~4 points from the start of treatment to
the date of sacrifice. In addition, the cumulative score combining thickness, erythema, and scaling was presented. Symbols represent the
mean standard deviation of six mice. IMQ: imiquimod, MTX: methotrexate, 2D: two-dimensional, WJ): Wharton’s jelly, CM: conditioned

media, 3D: three-dimensional. Two-way ANOVA showed significant differences between groups,

H#iHE H#HH

p<0.001, "p<0.0001 compared to

Vehicle and 3D-WJ-CM. *p<0.05, **p<0.01, ***p<0.001 compared to 2D-WJ-CM and 3D-WJ-CM.
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cally significant. *p<0.05, **p<<0.01, ***p<0.001, ****p<0.0001, and ns=not significant compared to the IMQ-vehicle group.
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Fig. 6. 3D-WJ-CM attenuates inflammation in vitro. (A) The concentration of nitric oxide in the supernatant of LPS-stimulated RAW 264.7
cells. (B) Protein expression levels of inflammatory cytokines (IL-1 3, 1L-6, and TNF- ). Protein expression was detected in the cell super-
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three-dimensional. ***p<0.001, ****p<0.0001 compared to the LPS group.

nals of TLR7 (25), were all downregulated (Fig. 5B). Thus, 3D CM recovered inflammation to RAW 264.7 cell

the 3D-WJ-CM cream penetrated the skin and effectively induced with LPS

modulated the expression of sequential cytokines involved To further investigate the anti-inflammatory effects of

in psoriasis. 3D-WJ-CM in vitro, we performed an inflammation assay
using mouse macrophages. MTX effectively suppressed
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NO production induced by LPS, and our 3D-WJ-CM
showed a similar effect (Fig. 6A). When we examined in-
flammatory cytokines such as IL-1/4, IL-6, and TNF-«a,
3D-WJ-CM exhibited similar or even better inhibitory ef-
fects compared to MTX. In addition, 2D-WJ-CM also sho-
wed some degree of anti-inflammatory effects (Fig. 6B).
These results indicate that our 3D-WJ-CM not only treats
inflammatory skin diseases such as psoriasis when applied
topically in cream form but also exhibits anti-inflammatory
effects i vitro.

Discussion

MSCs have immunomodulatory and anti-inflammatory
properties and can also prevent apoptosis, wound healing,
and tissue repair (8-11). Research on the use of MSCs in
various autoimmune diseases is currently underway (26),
with ongoing preclinical and clinical trials investigating
their potential in treating psoriasis (12). Specifically, MSCs
can reduce disease severity, hyperkeratosis, immune cell
infiltration, and proinflammatory cytokine production in
psoriasis (27, 28).

However, a notable limitation to injecting MSCs i vivo
is that the engrafted MSCs gradually disappear (29). In
other words, if CM is used, various functional factors se-
creted by cells can be delivered to the cells without any
problems related to cell injection. In our previous study,
we added TGF-£83 to regulate mechanical force-related
mechanisms (19). We have successfully produced TGF- 8
l-enriched EVs in 3D-MSC CM through a 3D culture
with the addition of TGF- 5 3. Our EVs in 3D-MSC CM
exhibited smaller peak and median sizes than those in
conventional 2D CM. Studies have shown that smaller
EVs are more readily taken up by cells (30). In addition,
our EVs contained a high concentration of TGF- 5 1; some
studies have shown that upregulation of TGF- 31 is help-
ful for psoriasis treatment (31-33). In conclusion, our 3D-
MSC CM, comprising large amounts of small-sized EVs
containing TGF- 41, could be highly effective in treating
psoriasis.

Through a series of experiments conducted under vari-
ous conditions, CM was successfully transformed into an
optimized emulsion cream. If our cream were to be ap-
plied clinically, it could be more effective than general
topical treatments are and may have fewer side effects
than systemic treatments do because of the various func-
tions exhibited by MSCs. When topically administering
MSC CM as an emulsion, the degree of skin penetration
must be considered. The molecular size should be smaller
than 500 Da to effectively penetrate the skin barrier (34).

As the molecular weight of MSC-driven EVs is greater
than 100 kDa, they cannot penetrate the normal skin bar-
rier (35). However, as the skin barrier in psoriasis-like
mice does not maintain normal homeostasis, EVs and vari-
ous biomolecules derived from MSCs are expected to pass
through the skin.

Our emulsion cream effectively downregulated the ex-
pression of several upregulated mRNAs in psoriasis. When
psoriasis is induced in mice, TLR7, an IMQ receptor, is
activated (24). Myeloid dendritic cells (mDCs) then un-
dergo maturation (25). These mature mDCs promote the
production of IL.-23, which in turn stimulates the activity
of T17 helper cells and the secretion of IL-17 and IL-22
(25). In addition to inflammatory cytokines, psoriasis-in-
duced keratinocytes secrete IL-36 to promote epidermal
hyperplasia (25). In other words, our emulsion cream not
only restored the phenotype and histology, but also re-
stored the previously mentioned mRNA to normal levels.
Moreover, a similar trend was observed in vitro. When
macrophages were treated with LPS, they released NO, an
indicator of inflammation (36), and 3D-WJ-CM exhibited
anti-inflammatory effects similar to MTX. Furthermore,
3D-WJ-CM decreased the expression levels of inflam-
matory cytokines such as IL-1/3, IL-6, and TNF-a re-
leased from LPS-treated RAW 264.7 cells. Given that
chronic inflammatory skin diseases like psoriasis are char-
acterized by the release of IL-14, IL-6, and TNF-a (25,
37), 3D-WJ-CM is expected to contribute significantly to
the treatment of psoriasis.

Conclusions

It was demonstrated that even when 3D-WJ-CM was ad-
ministered in the form of an emulsion cream for topical
treatment, it was more effective in treating psoriasis than
2D-WJ-CM was. Ultimately, we present here a new topical
treatment for psoriasis through a WJ-MSC CM cream en-
riched with TGF- 8 1-containing small EVs. Our experi-
ments have significant implications for psoriasis treatment
and potentially for other skin conditions. As it showed bet-
ter effects than steroid drugs did when prepared as
creams, the WJ-MSC CM cream could serve as a good sol-
ution to both the shortcomings of general cream applica-
tions and the side effects of systemic treatments experi-
enced by many patients. Finally, stem cell-derived CM
contain a variety of factors, and further research should
be conducted to identify the key factors that mediate its
underlying mechanisms of action.
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