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Introduction: Exosomes play a key role in cell communication and are involved in both pathological and physiological processes. 
Autophagy dysfunction and oxidative stress are linked to immune-mediated inflammatory diseases such as psoriasis. Stem cell-derived 
exosomes exhibit immunomodulatory and antioxidant efficacy.
Methods: We aimed to investigate the impact of psoriasis serum-derived exosomes on inflammation, oxidative stress, and autophagy 
in keratinocytes. Additionally, we explored the therapeutic potential of adipose-derived stem cell (ADSC) exosomes against 
inflammation induced by psoriasis serum exosomes. To validate psoriasis patient serum-derived exosomes and ADSC exosomes, 
we used nanoparticle tracking analysis, Western blotting, flow cytometry, and immunofluorescence. qPCR was used to study changes 
in the gene expression of proinflammatory cytokines and oxidative stress markers in HaCaT cells treated with psoriasis serum-derived 
exosomes or ADSC exosomes. The effects of these exosomes on autophagy in HaCaT cells were evaluated by Western blotting and 
immunofluorescence.
Result: The treatment of HaCaT cells with psoriasis serum-derived exosomes increased proinflammatory cytokine production and 
oxidative stress-related factor (Nox2 and Nox4) expression and decreased Nrf2 expression via P65/NF-κB and P38/MAPK activation. 
Compared with healthy control serum-derived exosomes, psoriasis serum-derived exosomes decreased ATG5, P62, Beclin1, and LC3 
expression and autophagosome production in HaCaT cells. Conversely, ADSC exosomes suppressed proinflammatory cytokine and 
oxidative stress production, and restored autophagy in HaCaT cells treated with psoriasis serum-derived exosomes.
Discussion: These findings suggest that ADSC exosomes exhibit a suppressive effect on psoriasis serum exosome-induced inflam
mation and oxidative stress by regulating autophagy in keratinocytes.
Keywords: exosomes, adipose-derived stem cell, psoriasis, autophagy, oxidative stress

Introduction
Psoriasis is a chronic, inflammatory skin disease characterized by keratinocyte activation and immune cell infiltration.1 

Beyond its impact on the skin, psoriasis is recognized as a systemic condition associated with comorbidities such as 
psoriatic arthritis, cardiovascular diseases, and mental disorders.2 Consequently, it profoundly affects patients’ physical 
and psychological health as well as their quality of life.3 The precise pathogenesis of psoriasis remains unclear, but it is 
widely accepted to involve complex molecular mechanisms driven by abnormal immune cell activity and signaling with 
the surrounding tissue microenvironment.1 Various signaling pathways, including redox, NF-κB, and MAPK, play a role 
in the development of psoriasis.4–6 Autophagy, a crucial process responsible for maintaining tissue homeostasis by 
degrading and recycling damaged organelles and proteins, has been implicated in psoriasis pathogenesis, with growing 
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evidence suggesting its dysfunction.7,8 Several studies have demonstrated that mesenchymal stem cells (MSCs) derived 
from the skin of psoriatic patients exhibit over-expression of genes encoding Th1 and TH17 cytokines compared to 
healthy controls.9–11 Consequently, MSCs in the skin of patients with psoriasis become dysfunctional, losing their anti- 
inflammatory properties and adopting a pro-inflammatory role, thereby contributing to the pathogenesis of psoriasis 
through interactions with keratinocytes and immune cells.

Exosomes are 50–150 nm extracellular vesicles that contain nucleic acids, lipids, and proteins. They facilitate cell-to- 
cell communication and membrane transport. These vesicles can be found in various body fluids (blood, urine, breast 
milk, and saliva) as well as in cell culture supernatants. The molecular composition of exosomes varies depending on 
physiological or pathological conditions, cell origin, and tissue type.12

Both immune and nonimmune cells secrete exosomes, which play a role in regulating the immune system. This 
includes T-cell activation, polarization, immune suppression, and anti-inflammation.13 Previous research has shown that 
exosomes are critical in cellular signaling and are implicated in the development of disorders, such as autoimmune 
diseases and tumor growth.14–16

With the development and use of biologics inhibiting TNF-α, IL-17, and IL-23, the therapeutic efficacy in psoriasis 
treatment has improved in recent years.17,18 However, there are still nonresponders to biologics, indicating treatment 
resistance and failure.19 Psoriatic arthritis, affecting approximately 30% of psoriasis patients, presents an additional 
challenge with poorer treatment outcomes compared to psoriasis alone.20 Regenerative medicine based on stem cells 
offers a promising alternative. Mesenchymal stem cells (MSCs) have demonstrated immunoregulatory or antioxidative 
properties, contributing to tissue homeostasis.21,22 MSCs have been clinically explored for various diseases, such as 
graft-versus-host disease, Crohn’s disease, and myocardial infarction.23,24 Preclinical studies have also shown the 
therapeutic potential of MSC secretome-derived products, including exosomes, in processes related to cell differentiation, 
inflammation, and oxidative stress.25 In this study, we verified the detrimental effects of psoriasis serum-derived 
exosomes and the beneficial potential of adipose tissue-derived stem cell (ADSC) exosomes in regulating inflammation, 
oxidative stress, and autophagy in keratinocytes.

Materials and Methods
Patients and Exosome Isolation
The study was approved by the Institutional Review Board at Hallym University Kangnam Sacred Heart Hospital (IRB 
no. 2022-03-020). Exosomes were isolated from blood samples from healthy controls and psoriasis patients using an 
exosome purification kit (Exo-spin™ mini, Cells guidance systems, St. Louis, MO, USA) as manufacturer’s instruction 
as follows. The serum was centrifuged at 1000 x g for 5 minutes, and the supernatant was transferred to a new 
microcentrifuge tube, then spun at 16,000 x g for 30 minutes at 4°C. Next, the supernatant was transferred to a new 
microcentrifuge tube, and Exo-spin™ Buffer was added in a 2:1 ratio. The mixture was mixed by inverting the tube and 
incubated at 4°C overnight. The mixture was then centrifuged at 16,000 x g for 1 hour at 4°C. The pellet containing 
exosomes was resuspended in 100 µL of PBS. This resuspended exosome-containing pellet (100 µL) was applied to the 
top of the Exo-spin™ column and placed into a 1.5 mL microcentrifuge tube. The liquid entered the column matrix under 
gravity. Then, 180 µL of PBS was added to the top of the column and eluted. The Exo-spin™ column was removed from 
the sample collection tube. The sample collection tube containing the isolated exosomes was centrifuged at 100 x g for 
30 seconds.

ADSC Isolation and Culture
Human adipose tissue was obtained through liposuction surgery with informed consent from a 30-year-old male. Adipose tissue 
was washed with a phosphate buffer solution to remove red blood cells, followed by incubation with 0.075% collagenase-II 
(Sigma‒Aldrich, St. Louis, MO, USA) at 37 °C for 40 minutes. After centrifugation and filtration through a 100 µm cell strainer, 
the resulting cells were cultured in expansion media containing α-MEM (Welgene, Gyeongsan, Gyeongsang, Korea), 10% FBS 
(Capricorn Scientific GmbH, Ebsdorfergrund, NRW, Germany), and 5 ng/mL recombinant bFGF (R&D system, Minneapolis, 
MN, USA). The expansion medium was replaced every 2 days, and the cells were subcultured until passage 6.

https://doi.org/10.2147/CCID.S439760                                                                                                                                                                                                                                 

DovePress                                                                                                                    

Clinical, Cosmetic and Investigational Dermatology 2023:16 3700

Kim et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Preparation of ADSC-Conditioned Media
ADSCs were seeded at 3.7×109 cells/cm2 and cultured in the expansion media for 3 days. Then, to remove FBS and 
particles, the cells were cultured in α-MEM without FBS. After 24 h, the cells were washed with phosphate buffer 
solution and cultured in α-MEM containing 10% exosome-depleted SR (XenoFree CTS; Gibco Life Technologies, 
Carlsbad, CA, USA) for 2 days. The ADSC-conditioned media were harvested and filtered through a 0.22-µm filter.

Separation of ADSC-Derived Exosomes via a TFF System
Exosomes from ADSC-conditioned media were isolated using a TFF system equipped with a 500-kDa cutoff hollow 
fiber membrane (EMD Millipore Corp., Billerica, MA, USA). The conditioned media (1 L) was processed through the 
TFF system, maintaining a fluid velocity of 180 r/min and a pressure below 1.5 psi. Subsequently, PBS (2 L) was 
introduced into the TFF system to enhance exosome purity and buffer exchange. The resulting exosomes were then 
filtered through a 0.22-µm filter.

The size and quantity of exosomes were determined using nanoparticle tracking analysis (NTA) (NS300; Malvern 
Instruments, Malvern, Worcestershire, UK). The protein content of the exosome solution was measured using the BCA 
assay (iNtRON biotechnology, Seongnam-si, Gyeonggi-do, Korea). Exosomes were stored at −80 °C for future use.

Cell Culture and Treatments
The immortalized human keratinocyte cell line HaCaT (Welgene, Daegu, Korea) was cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Lonza, Walkersville, MD, USA). DMEM was supplemented with 1% penicillin‒streptomycin 
and 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) and incubated in a CO2 incubator at 
37 °C (5% CO2).

Based on the efficacy of ADSC exosomes by concentrations on the proliferation of human skin fibroblasts 
(Biosolution Ltd., Nowon, Seoul, Korea), we determined the concentration of ADSC exosomes (3.7 x 109/mL) for 
further experiments (Supplementary Figure 1). The concentration of exosomes from serum (2.5 x 108/mL) was 
determined based on the previous study.26 Further, this concentration of exosomes from psoriasis serum did not affect 
cell viability in HaCaT cells (data not shown). HaCaT cells were treated with healthy control serum-derived exosomes 
(2.5 x 108/㎖), psoriasis serum-derived exosomes (2.5 x 108/㎖), ADSC-derived exosomes (3.7x109/㎖), healthy control 
serum-derived exosomes (2.5 x 108/㎖) + ADSC-derived exosomes (3.7x109/㎖), or psoriasis serum-derived exosomes 
(2.5 x 108/㎖) + ADSC-derived exosomes (3.7x109/㎖) for 24 h.

Nanoparticle Tracking Analysis
The size and number of extracellular vesicles (EVs) in conditioned medium were analyzed using NanoSight (NS300, 
Malvern, UK) with a 488 nm laser. The sample was loaded into the chamber using a 1 mL disposable syringe, and a 40- 
second video was recorded to capture all events. The video was then analyzed using NTA software based on Brownian 
motion. EVs were diluted with PBS until the appropriate number of EVs was detected, and measurements were taken at 
the same camera level and detection threshold. The analysis was repeated four times for each sample, providing data on 
the number and size distribution of exosomes.

Exosome Uptake Assay
HaCaT cells treated with psoriasis serum exosomes or stem cell exosomes were labeled with a green fluorescent dye, 
Vybrant DiO cell-labeling solution (Sigma‒Aldrich, USA). Cells were washed with PBS, fixed with 4% paraformalde
hyde for 15 minutes, permeabilized with 0.2% Triton X-100 in 1% bovine serum albumin (BSA) for 10 minutes, and 
blocked with 3% BSA for one hour at room temperature. Cell-labeling solution was added to HaCaT cells treated with 
psoriasis serum exosomes or stem cell exosomes and incubated at 37 °C for 2 hours. The cells were visualized under 
fluorescence microscopy using Leica microsystems DFi8 LASX software light microscopy (Leica, Wetzlar, Germany).
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Quantitative PCR
Total RNA extraction was performed using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. A First Strand cDNA synthesis kit (Roche Applied Science, Mannheim, Germany) was 
used to synthesize cDNA from 1 µg of total RNA. Quantitative reverse transcriptase-PCR (qRT‒PCR) was performed 
in triplicate using TaqMan master mix (Applied Biosystems, Foster City, CA, USA) and Real-Time PCR System 
(Applied Biosystems). The primer details for mRNA detection can be found in Supplementary Table 1. mRNA levels 
of IL-1β, IL-6, TNF-α, NOX2, NOX4, and Nrf2 were normalized to GAPDH. Fold changes were calculated using the 
ΔΔCt method, and relative quantification was performed using a Light Cycler 96 instrument (Roche Diagnostics, 
Mannheim, Germany).

Western Blot Assay
Cells were lysed in pro-prep lysis buffer (Intron, Seoul, Korea) supplemented with a protease inhibitor cocktail 
(Roche Diagnostics, Mannheim, Germany). Protein concentrations were measured using a bicinchoninic acid 
solution with copper (II) sulfate (Sigma‒Aldrich, St. Louis, MO, USA). Equal amounts of protein (20 µg) were 
separated by 10% SDS‒PAGE, transferred to ECL nitrocellulose membranes (GE Healthcare, Buckinghamshire, 
UK), and blocked for 1 hour with 5% skim milk in TBST. Membranes were incubated overnight at 4 °C with the 
antibodies listed in Supplementary Table 2. Primary antibodies were detected using horseradish peroxidase- 
conjugated secondary antibodies (goat anti-rabbit, 1:1000; Abcam, Cambridge, UK) and chemiluminescent luminol 
(LUMINOGRAPH II; Atto, Tokyo, Japan). Immunocomplexes were visualized using an enhanced horseradish 
peroxidase/luminol chemiluminescence system (ECL Plus; Amersham International PLC, Little Chalfont, UK). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control for Western blots.

Cell Immunofluorescence
HaCaT cells were seeded on coverslips and allowed to adhere overnight. Cells were washed with PBS, fixed with 4% 
paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in 1% BSA for 10 min, blocked with 3% BSA for 
one hour at room temperature and incubated overnight at 4 °C with anti-LC3B (Abcam, Cambridge, UK). Cells were then 
incubated in goat anti-Rb HRP (Abcam, Cambridge, UK) and the secondary antibody conjugated with FITC (Abcam, 
Cambridge, UK) at 1:200 for 1 h. Stained HPDFs were captured and visualized using a microscope (Leica Micro systems, 
Germany). For nuclear counterstaining, Vectashield mounting medium was used along with DAPI (Vector Laboratories, 
Burlingame, CA).

Flow Cytometry
Passage 4 and 7 ADSCs were detached with 0.05% trypsin/EDTA (Welgene, Gyeongsan, Gyeongsang, Korea; LS015- 
01) at 37 °C for 3 min and washed using FACS buffer (1% BSA in PBS). The cells were blocked using FcR blocking 
reagent (Miltenyi Biotec, Auburn, CA, USA; 130-059-901) and stained with FITC-labeled antibodies against CD34 (BD 
Biosciences, San Diego, CA, USA; 555821) and CD29 (Dako, Glostrup, Copenhagen, Denmark; F7068) for 1 hour at 
RT. Fluorescence was analyzed using a BD FACSCalibur Flow Cytometer (BD bioscience, Heidelberg, Baden- 
Württemberg, Germany; 342975), and the data were analyzed by BD Cell Quest Pro software.

Statistical Analyses
Statistical analyses were conducted with GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA, USA). Data 
were analyzed using the Student’s t-test and one-way analysis of variance with Tukey’s post-hoc test. P values < 0.05 
were considered statistically significant.
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Results
Characterization of Exosomes Isolated from the Serum of Psoriasis Patients and 
Adipose-Derived Stem Cells
The ADSCs were positive for the MSC marker CD29 and negative for the endothelial marker CD34, as assessed by flow 
cytometry (Figure 1A). These ADSCs had a typical fibroblastic-like morphology (Figure 1B).

We isolated exosomes from the serum of patients with psoriasis (n = 6), healthy controls (n = 6) and ADSCs. The 
existence of exosomes was verified by nanoparticle tracking analysis, which revealed a peak at 126.6 nm with 4.62×107 

particles/mL in the serum of healthy controls, a peak at 147.7 nm with 8.46×107 particles/mL in the serum of psoriasis 
patients, and a peak at 123.7 nm with 2.64×108 particles/mL in the exosomes of ADSCs (Figure 2A). Western blot 
analysis revealed that the particles expressed molecular markers recognized for exosomes, such as CD63 and CD9 
(Figure 2B). Therefore, the particles isolated from the serum of patients with psoriasis, normal controls, and ADSCs were 
confirmed to be exosomes.

Next, to confirm the uptake of exosomes by recipient HaCaT cells, we labeled exosomes derived from psoriasis serum 
or ADSCs with DiI and added them to recipient HaCaT cells for 2 h. Immunofluorescence assays showed that HaCaT 
cells exhibited efficient uptake of exosomes (Figure 3).

The Effects of Psoriasis Serum-Derived Exosomes and ADSC-Derived Exosomes on 
Proinflammatory Cytokine Production in HaCaT Cells
To explore the effects of psoriasis serum-derived exosomes and ADSC-derived exosomes on proinflammatory cytokine 
production in HaCaT cells, we treated HaCaT cells with healthy control serum-derived exosomes, psoriasis serum- 
derived exosomes, ADSC-derived exosomes, healthy control serum-derived exosomes + ADSC-derived exosomes or 
psoriasis serum-derived exosomes + ADSC-derived exosomes for 24 h. The mRNA production of pro-inflammatory 
cytokines, including IL-1β, IL-6 and TNF-α, in HaCaT cells treated with psoriasis serum-derived exosomes was elevated 
compared to that in untreated controls and healthy control serum-derived exosome-treated HaCaT cells. ADSC exosome 
treatment significantly decreased IL-1β, IL-6 and TNF-α expression in psoriatic serum-derived exosome-stimulated 
HaCaT cells compared with psoriatic serum-derived exosome-stimulated HaCaT cells (Figure 4A).

Figure 1 Characterization of ADSCs. (A) Assessment of cell surface markers by flow cytometry. ADSCs were positive for the MSC marker CD29 but negative for the 
endothelial marker CD34. (B) Fibroblast-like morphology of ADSCs (40X, 100X). 
Abbreviations: ADSCs, adipose-derived stem cells, MSC, mesenchymal stem cells.
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The Effects of Psoriasis Serum-Derived Exosomes and ADSC-Derived Exosomes on 
the Expression of Oxidative Stress in HaCaT Cells
The expression of the oxidative stress-related factors NOX2 and NOX4 was increased in psoriasis serum-derived 
exosome-treated HaCaT cells compared to negative controls and healthy control serum-derived exosome-treated 
HaCaT cells. In contrast, the expression of Nrf2, an antioxidant signaling-related factor, was decreased in psoriasis 

Figure 2 Characterization of exosomes (A) Results of nanoparticle tracking analysis demonstrating a similar size distribution in separated exosomes from healthy control 
serum or psoriasis patient serum or ADSCs (n = 4). (B) The representative exosome markers CD63 and CD9 were detected by Western blotting (n = 3). 
Abbreviations: ADSCs, adipose-derived stem cells, MSC, mesenchymal stem cells, HC, healthy controls’ serum, PS, psoriasis patients’ serum, Exo, exosomes.

Figure 3 Schematic of the protocol for exosome uptake analysis and representative immunofluorescence images of HaCaT cells treated with psoriasis patient serum or 
ADSC-derived exosomes. Exosomes were stained with the fluorescent green dye DiI, and HaCaT cells were incubated with psoriasis serum or ADSC-derived exosomes for 
2 h. Nuclei were counterstained with blue. Scale bar, 75 µm. 
Abbreviations: PS, psoriasis patient serum, ADSCs, adipose-derived stem cells, Exo, exosomes.
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serum-derived exosome-treated HaCaT cells compared to negative controls and healthy control serum-derived exosome- 
treated HaCaT cells.

ADSC exosome treatment significantly decreased NOX2 and NOX4 mRNA expression in psoriasis serum-derived 
exosome-stimulated HaCaT cells compared to psoriasis serum-derived exosome-only treatment in HaCaT cells. 
Furthermore, Nrf2 mRNA expression was increased in ADSC exosome-treated HaCaT cells in psoriasis serum-derived 
exosome-stimulated HaCaT cells compared with psoriasis serum-derived exosome-treated HaCaT cells (Figure 4B).

The Relevance of the p65NF-κB and p38MAPK Signaling Pathways to Proinflammatory 
Cytokine and Oxidative Stress Production Induced by Psoriasis Serum-Derived 
Exosomes in HaCaT Cells
Next, we determined the possible signaling pathway associated with the activation of psoriasis serum-derived exosomes 
in HaCaT cells. Treatment of HaCaT cells with exosomes derived from the serum of psoriasis patients increased the 
phosphorylation of P65/NF-κB and P38/MAPK compared to the control and healthy control serum-derived exosome 
treatment groups. However, ADSC exosomes showed no apparent changes in the phosphorylation of P65/NF-κB and 
P38/MAPK compared to the control and healthy control serum-derived exosome treatment groups (Figure 5A).

To confirm the involvement of P65/NF-κB and P38/MAPK signaling in psoriasis serum-derived exosome-induced 
oxidative stress and proinflammatory cytokine production changes, HaCaT cells were pretreated with inhibitors of P65/ 

Figure 4 The effects of exosomes on the production of proinflammatory cytokines and oxidative stress-related factors. (A) The expression of IL-1β, IL-6, and TNF-α 
mRNA in exosome-treated HaCaT cells. (B) The expression of NOX2, NOX4, and Nrf2 mRNA in exosome-treated HaCaT cells. Statistical significance was determined by 
the one-way analysis of variance with Tukey’s post-hoc test. Data represent the mean ± S.D. of 3 independent experiments. *P < 0.05. 
Abbreviations: HC, healthy control serum, PS, psoriasis patient serum, ADSCs, adipose-derived stem cells.
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NF-κB (PDTC) and P38/MAPK (SB203580) for 1 h and then stimulated with exosomes isolated from psoriasis patient 
serum for 24 h. The upregulation of IL-1β, IL-6, TNF-α, NOX2, and NOX4 mRNA expression was significantly blocked 
by PDTC and SB203580 in psoriasis patient serum-derived exosome-treated HaCaT cells. Taken together, these data 
showed that the increase in IL-1β, IL-6, TNF-α, NOX2, and NOX4 production by psoriasis serum-derived exosomes was 
dependent on P65/NF-κB and P38/MAPK signaling (Figure 5B and C).

The Effects of Psoriasis Serum-Derived Exosomes or ADSC-Derived Exosomes on 
Autophagy in HaCaT Cells
To evaluate the effects of psoriasis serum exosomes or ADSC exosomes on autophagy in HaCaT cells, we treated HaCaT 
cells with psoriasis serum exosomes or ADSC-derived exosomes for 24 h. Then, we checked the change in the 
expression of autophagy-related factors using Western blot analysis. Psoriasis serum-derived exosome treatment 
decreased the expression of autophagy-related factors, including ATG5, P62, Beclin1, and LC3B, in HaCaT cells 
compared to negative controls and healthy controls’ serum-derived exosome-treated group (Figure 6A). The formation 
of autophagosomes displaying LC3B punctae per cell was reduced in psoriasis serum-derived exosome-stimulated 
HaCaT cells compared to negative controls and healthy controls’ serum-derived exosome-treated group. ADSC- 
derived exosome treatment increased the expression of ATG5, P62, Beclin1, and LC3B in psoriasis serum-derived 
exosome-stimulated HaCaT cells compared with psoriasis serum-derived exosome-stimulated HaCaT cells. Furthermore, 
ADSC-derived exosome treatment induced an increase in LC3B puncta per cell in psoriasis serum-derived exosome- 
stimulated HaCaT cells compared to psoriasis serum-derived exosome-stimulated HaCaT cells (Figure 6B and C).

Figure 5 Psoriasis serum-derived exosomes induced proinflammatory cytokine and oxidative stress production via P65/NF-κB and P38/MAPK signaling. (A) The 
phosphorylation levels of P65 and P38 in exosome-treated HaCaT cells detected by Western blot. The relative expression was normalized to GAPDH. The results are 
representative of three independent experiments. HC, healthy control serum; PS, psoriasis patient serum; ADSCs, adipose-derived stem cells; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase. (B and C) The mRNA expression of IL-1β, IL-6, TNF-α, NOX2, and NOX4 in HaCaT cells pretreated with or without P65 or P38 inhibitors 
and treated with psoriasis serum-derived exosomes. HaCaT cells were pretreated with chemical inhibitors for P65 [pyrrolidine dithiocarbamate (PDTC)] and P38 
(SB203580) for 1 h and then stimulated by PS exosomes for 24 h, followed by qPCR for genes including IL-1β, IL-6, TNF-α, NOX2, and NOX4. Statistical significance 
was determined by the one-way analysis of variance with Tukey’s post-hoc test. Data represent the mean ± S.D. of 3 independent experiments. *P < 0.05. 
Abbreviations: HC, healthy control serum, PS, psoriasis patient serum, ADSCs, adipose-derived stem cells, PDTC, pyrrolidine dithiocarbamate.
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Discussion
This study found that psoriatic patient-derived circulating exosomes can promote inflammation and oxidative stress in 
recipient keratinocytes by inhibiting autophagy and activating P65/NF-κB and P38/MAPK signaling. Moreover, it 
demonstrated the therapeutic potential of ADSC-derived exosomes in reversing the upregulation of pro-inflammatory 
cytokines, oxidative stress, and autophagy dysfunction induced by psoriasis serum-derived exosomes in HaCaT cells.

The interplay between keratinocytes and immune cells plays a crucial role in the pathogenesis of psoriasis, which is 
characterized by dysregulated keratinocyte proliferation and differentiation.1 Our study demonstrated that psoriasis 
serum-derived exosomes increased the production of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) in recipient 
HaCaT cells through the P65/NF-κB and P38/MAPK signaling pathways. A previous study also highlighted the 
involvement of exosomes in psoriasis pathogenesis. For instance, exosomes were found to facilitate communication 
between keratinocytes and neutrophils, promoting psoriasis progression in cell and animal models.26,27 Additionally, the 
secretion of heat shock protein 90 (HSP90) was increased in IFN-γ-induced exosomes from HaCaT cells, and plasma 
exosomes from a psoriatic mouse model showed elevated expression of Hsp90α, a potent immunomodulatory.28 Cheung 
et al demonstrated that exosomes can act as carriers for nonpeptide antigens, triggering the production of IL-17A and IL- 
22 by CD1a-autoreactive T cells in psoriasis patients.29 Collectively, these findings, including ours, suggest that 
exosomes play a significant role in propagating psoriatic inflammation as cell-to-cell messengers.

Oxidative stress is recognized as a critical contributor to the development and persistence of psoriasis.4,30,31 Markers 
of oxidative stress are elevated in serum of psoriasis and are associated with disease severity.32,33 Genetic polymorphisms 
in redox-modulating genes have also been found to be upregulated in psoriasis.30,31 In the psoriasis pathomechanism, 
oxidative stress activates various signaling pathways, including NF-κB and MAPK, leading to the activation of Th1/Th17 
cells, production of proinflammatory cytokines, keratinocyte proliferation, and immune cell infiltration in the skin.4 We 
found that psoriasis serum exosomes triggered an increase in oxidative stress-related factors, such as NOX2 and NOX4. 
Conversely, psoriasis serum exosomes suppressed the expression of Nrf2, an essential regulator of antioxidant signaling, 
in recipient keratinocytes.

Autophagy is a key intracellular degradation pathway that degrades or recycles damaged cellular components via 
lysosomal machinery. Autophagy plays a critical role in maintaining cellular homeostasis, including metabolism, cell 
survival, and the immune response, and impaired autophagy is associated with various diseases.34,35 Autophagy 

Figure 6 The effects of exosomes on autophagy in HaCaT cells. (A) The effects of exosomes on autophagy-related factor expression in HaCaT cells. HaCaT cells were 
stimulated with exosomes derived from HC, PS, and ADSCs for 24 h and then analyzed by Western blotting using antibodies against ATG5, P62, Beclin1 and LC3B; relative 
expression was normalized to GAPDH. The results are representative of three independent experiments. (B) Representative images of immunofluorescence staining of 
LC3B. Immunofluorescence staining to assess the autophagy marker LC3B in exosome-treated HaCaT cells. Scale bars, 75 μm. (C) The relative quantification of LC3B based 
on the average fluorescence intensity per cell is shown. Each comprising at least 250 cells scored in five random fields. Statistical significance was determined by the one-way 
analysis of variance with Tukey’s post-hoc test. Data represent the mean ± S.D. of 3 independent experiments. *P < 0.05. 
Abbreviations: HC, healthy control serum, PS, psoriasis patient serum, ADSCs, adipose-derived stem cells.
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dysfunction has been implicated in psoriasis pathogenesis. The ATG16L1 autophagy-related gene polymorphism is 
linked to psoriasis development.36 Defective autophagy enhanced p62 activity and triggered proinflammatory cytokines 
in keratinocytes, contributing to psoriasis.37 Klapan et al demonstrated that TNF-α, a central regulator of psoriasis 
pathogenesis, induced autophagy induction in early stages but inhibited autophagy after prolonged treatment in primary 
human epidermal keratinocytes.8 Interestingly, we found that psoriasis serum exosomes inhibited autophagy in recipient 
keratinocytes.

A recent study reported that injecting human umbilical cord MSC exosomes reduced psoriasis-like skin inflammation, 
including epidermal proliferation and psoriasis area and severity index scores, in imiquimod-induced mice by regulating 
IL-23 and IL-17 expression.38 In a mouse model of imiquimod-induced psoriasis, topical application of E1-MYC 16.3 
human embryonic stem cell-derived MSC exosomes led to reduced C5b-9 and IL-17 levels.39 However, the impact of 
ADSC-derived exosomes on psoriatic inflammation remains unclear. Our study proved that ADSC exosomes ameliorated 
the upregulation of IL-1β, IL-6, and TNF-α induced by exosomes from psoriasis serum in human keratinocytes. Previous 
research has shown that exosomes isolated from MSCs resist oxidative damage.40,41 Our study showed the antioxidant 
efficacy of ADSC exosomes in recipient keratinocytes, consistent with previous findings. The antioxidant effects of 
MSC-derived exosomes are thought to involve the transfer of antioxidative enzyme mRNA, proteins, or miRNAs into 
recipient cells.42

MSC-derived exosome therapy offers several advantages over stem cell transplantation itself.43 MSC-derived 
exosomes are less harmful by avoiding problems related to transplantation of proliferative and live cells. 
Furthermore, MSC-derived exosomes can be stored without toxic cryopreservatives for prolonged periods while 
maintaining their potency, and they can be economically mass-produced under controlled laboratory conditions.43 

Specifically, ADSC exosomes have the merit of being one of the most affordable and abundant stem cell sources owing 
to their less painful collection approach.44 In the current study, we found that ADSC exosomes suppressed the 
inflammatory reaction induced by psoriasis serum exosomes by regulating oxidative stress and autophagy in recipient 
keratinocytes. Therefore, our findings suggest that ADSC exosomes hold promising therapeutic potential for the 
treatment of psoriasis.

In previous studies on psoriasis treatment, human umbilical cord mesenchymal stem cell (MSC) - derived exosomes 
were administered through subcutaneous injection or as an oil-in-water emulsion of MSC exosomes in a psoriasis mice 
model induced by imiquimod. Building on this prior research, the application of exosomes through subcutaneous 
injection or topical administration could be explored for treating the psoriatic skin lesions. Topical application of 
exosomes may offer advantages over oral or intravenous administration, such as bypassing issues associated with first- 
pass metabolism, resulting in higher bioavailability at the target site. Nevertheless, further investigations through in vivo 
studies or clinical trials are needed to determine the most effective application method for exosomes.

This study had the limitation of in vitro studies using HaCaT cells. To gain a more comprehensive understanding of 
the impact of exosomes on the pathogenesis of psoriasis, additional mechanistic analyses are necessary in future studies.

Conclusion
This study showed that psoriasis serum-derived exosomes modified keratinocytes by upregulating proinflammatory 
cytokines, inducing oxidative stress, and impairing autophagy. ADSC exosomes reversed the effects of psoriasis serum- 
derived exosomes on keratinocytes, restoring normal levels of proinflammatory cytokines, redox status, and autophagy. 
These findings contribute to our understanding of the intricate mechanism by which exosomes impact psoriasis 
pathogenesis and suggest the potential use of ADSC exosomes as a treatment option for psoriasis.

Abbreviations
ADSC, adipose tissue-derived stem cell; BSA, Bovine serum albumin; DMEM, Dulbecco’s Modified Eagle’s medium; 
EV, Extracellular vesicles; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSP90, Heat shock protein 90; MSC, 
Mesenchymal stem cell; NTA, Nanoparticle tracking analysis; qRT‒PCR, Quantitative reverse transcriptase-PCR; TFF, 
Tangential flow filtration.
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