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Abstract: Atopic dermatitis (AD) is a global concern marked by inflammation, skin barrier dysfunction, and immune dysregulation.
Current treatments primarily address symptoms without offering a cure, underscoring the need for innovative therapeutic approaches.
Mesenchymal stromal cell-derived extracellular vesicles (MSC-EVs) have attracted attention for their potential in immunomodulation
and tissue repair, similar to their parent cells. This review provides a comprehensive analysis of the current landscape of MSC-EV
research for AD management. We identified 12 studies that met our predefined inclusion criteria. We thoroughly reviewed both human
and animal studies, analyzing aspects such as the source, isolation, and characterization of MSC-EVs, as well as the animal and disease
models, dosage strategies, efficacy, mechanisms, and adverse effects. While this review highlights the promising potential of MSC-EV
therapy for AD, it also emphasizes significant challenges, including heterogeneity and insufficient reporting. Given that this research
area is still in its early stages, addressing these uncertainties will require collaborative efforts among researchers, regulatory bodies,
and international societies to advance the field and improve patient outcomes.
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Introduction

Atopic dermatitis (AD) is a chronic relapsing inflammatory dermal disorder of a complex multifactorial etiology
involving several hereditary, immunologic, and environmental factors." AD, ranks among the most frequently diagnosed
conditions by dermatologists worldwide. Globally, the number of prevalent pediatric AD cases grew by 5.7 million,
while incident cases rose by 0.7 million between 1990 and 2019.> Although AD typically manifests in early childhood
and can persist into adulthood, about one-quarter of cases involve adult-onset AD.?> AD prevalence in adults ranges from
2.1% to 4.9%, with a rising trend each year." Moderate-to-severe AD leads to considerable financial costs and
significantly diminishes the quality of life.’

AD cure is far an unmet medical need. Classical treatment for AD focuses on controlling long-term disease,
preventing recurrence, symptomatic relief, and anti-inflammatory therapy.® Immunosuppressive topical corticosteroids
are the first-line medication in soothing acute flares.” Topical emollients are recommended to be used to improve skin
barrier function.® To prevent recurrence, corticosteroids are used with topical calcineurin inhibitors (TCIs), to hamper the
activation of T cells. In moderate-to-severe cases, systemic immunosuppressants are used. However, these could only be
taken for short term due to severe adverse effects.® '® Recently, there is an increased interest in developing targeted
therapies for AD based on the latest understanding of the complex nature of AD pathogenesis. The use of biologics holds
a great promise to treat AD. Dupilumab has been approved by the FDA in 2017, as an effective biologic agent in AD,"!
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in addition to the recent JAK-STAT inhibitors.'? Yet, further studies should be done to establish the long-term safety of
such biologics.

On the other hand, propelling evidence from preclinical and clinical studies has shown that mesenchymal stromal
cells (MSCs) are effective immunomodulators in a number of inflammatory diseases, including AD.'*> However, several
challenges have hindered MSC therapeutic effectiveness, including low engraftment efficiency, non-specific differentia-
tion, potential tumor or embolism risk, short half-life, and challenges in quality control.'* Interest in EV therapy began to
surge following key discoveries in the mid-2000s. Researchers demonstrated that EVs could transfer functional nucleic
acids between cells.> ™7 This growing interest was amplified by the parallel rise in stem cell research, particularly around
MSC-EVs in 2009,"® demonstrating efficacy for treating acute myocardial infarction,' highlighting EV potential in
therapeutic applications.

EVs offer several advantages over MSCs in therapy. EVs can replicate MSC therapeutic effects through paracrine
signaling without requiring cell engraftment. Unlike MSCs, EVs are nanosized and carry therapeutic factors such as
lipids, miRNAs, and growth factors within a protective lipid bilayer. This protection enhances their stability and efficacy
over extended periods and distances.”® EVs do not replicate and can be produced in larger quantities and sterilized
through filtration, enabling a standardized, ready-to-use “off-the-shelf” regenerative therapy, avoiding issues related to

cell viability, high production costs, and batch variability, thus offering a safer, alternative for cell therapy.*'**
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Additionally, EVs can cross physiological barriers like the blood—brain barrier.”> Thus, EVs present a promising, more
practical cell-free approach that capitalizes on the therapeutic benefits of MSCs while addressing many of the challenges
associated with whole-cell therapies.

MSC-EV therapy has been investigated in preclinical studies for a wide range of conditions, including intervertebral
disc degeneration, cardiac, hepatic, respiratory, diabetic, wound healing, and inflammatory skin diseases.’'** These
studies provided proof of concept, demonstrating the potential of EV-based therapies across a variety of diseases. Early
clinical investigations showed that the therapeutic use of MSC-EVs was safe and effective in a patient with refractory
graft-versus-host disease.”” However, the progress of EVs to clinical application has been slow.*®

The use of MSC-EVs in AD management is still in its infancy. This study offers an overview of the work
investigating MSC-EVs effectiveness in the management of AD, whether as the primary treatment or as an adjunct
therapy, mapping both animal and clinical studies on the topic. We examined the methods used for MSC-EV production,
source selection, dosage regimens, and outcomes. Additionally, we explored the models studied and the challenges

encountered that may hinder clinical translation.

Methods

We conducted a scoping review on the use of MSC-EVs in treating AD. This scoping review was performed according to
the Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)
guidelines.?’

We opted for a scoping review rather than a systematic review because this research area is still in its early stages.
Our goal was to include all articles and map all relevant studies without the stringent inclusion criteria required by
a systematic review approach. Yet, we conducted a systematic electronic search to comprehensively gather related
studies, minimizing bias often present in narrative reviews. Our electronic search was conducted on March 29, 2024,
including PubMed and Web of Science databases to identify relevant articles up to the end of March 2023, using the
following keywords:

(atopic dermatitis OR eczema OR skin inflammation) AND (exosome* OR extracellular vesicle* OR microparticle
OR nanovesicles OR secretome OR conditioned media OR derivatives) AND (mesenchymal stem cell* OR mesench-
ymal stromal cell*).

Articles were imported to EndNote software (Version 20.5, https://endnote.com/), and duplicate articles were removed.

Subsequently, articles were screened by reading titles and abstracts. At this stage, the inclusion criteria specified the inclusion
of articles that investigate MSC-EV therapy for AD in animal or human studies, which include peer-reviewed original
articles, case studies, letters, and reports. We excluded conference abstracts, reviews, non-peer reviewed articles (including
pre-prints), and non-EV- or AD-related studies. The second stage of screening was carried out by reading the full text. At this
stage, only studies that used MSC-EVs for treatment of AD, either as a primary or adjunct therapy in animals and humans,
were included. No limitations were imposed on the date of the study, language, EV size, or characterization criteria. Study
screening was carried out by two reviewers independently (M.E.A., J.X.L). Disagreements were addressed through
discussion with the third reviewer (A.M.H.N). For the qualitative analysis of the selected studies, information was collected
from texts, tables, figures, supplementary materials, and organized in pre-prepared tables. Data collected included author
name, country and year, funding, source of EVs, isolation techniques, storage method, characterization results and
techniques, subject characteristics including age, sex, species, AD disease model, disease manifestation (symptoms of
disease reported), sample size, dosage regimen including EV dose vs control dose (weight/vol), route of administration,
frequency and treatment duration, outcomes, side effects, proposed mechanism of action, biodistribution or tracking of EVs,
limitations of the studies, and final conclusion. We then checked the ongoing clinical trials on https://clinicaltrials.gov

(accessed on 06 September 2024). This search was conducted using the same keywords as in the previous search.
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Results

Search results

A search on the Web of Science and PubMed yielded 594 articles (PubMed = 347, WOS = 247). After removing 135
duplicates, 459 articles were screened by reading titles and abstracts, leading to the exclusion of 429 articles. Of the
remaining 30 articles, 12 met the eligibility criteria and were included in the study. The study selection process is
outlined in the flow chart shown in Figure 1.

Overview of Included Studies

The studies included were published between 2018 and 2024, involving ten animal studies
30,32

14.28736 and two focusing on

human cases.’”*® Of these, two were conducted in China, while the other ten were carried out in Korea. Funding

Studies identified through database
searching (PubMed and WOS)
(n =594)

l

Studies after duplicates removed
(n=459)

l Records excluded (n = 429):

Studies screened by examining

title and abstract Reviews (n = 56)

Unrelated to AD therapy or
l MSC-EVs (n = 373)

Full-textarticles assessed Full-text articles excluded (n = 18):

for eligibility —>
(n=30) Conference abstracts (n = 9)
Studies focused on secretome
but not MSC-EVs (n=7)
In vitro only studies (n = 1)
Studies included Studies on skin sensitivity
in the qualitative unrelated to AD (n = 1)

synthesis (n =12)

Figure | Flow diagram summarizing the study selection process based on the PRISMA guidelines. The diagram demonstrates the number of records identified through
database searches, the number of duplicates removed, records screened, full-text articles assessed for eligibility, and studies included in the scoping review. Reasons for
exclusion of articles at each stage are detailed in the diagram. The final selection comprises studies meeting the predefined inclusion criteria.
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sources varied: six studies received government agency funding, four were funded by industry, one study was partially
supported by the government, and one study did not receive any external grants.

MSC-EV Source

The studies investigated different sources for MSC-EVs. Of the twelve included studies, adipose tissue-derived MSCs
(ASC) constituted the majority, with 58% (n=7). Two studies examined iPSC-derived MSCs, and two umbilical cord-
derived MSCs (UC-MSC) (16.7%). Gingiva-derived MSCs (GMSC) accounted for 8.3% (n=1) of the sources examined.
Naive MSC-EVs were the most prevalent at 58.3% (n=7). Engineered EVs were also investigated, including those
created by fusing grapefruit-derived nanovesicles encapsulated with CX5461 and with CCR6+ nanovesicles from

engineered gingiva-derived MSC membranes, to produce hybrid nanovesicles FV-CX5461.%

Other engineering methods
involved genetically modifying the source MSCs to produce SOD3 through lentiviral transfection.’® Studies also
explored preconditioning MSCs (iPSC-MSC) with interferon gamma (IFN-y) for 24 hours before EV isolation, encom-
passing 16.7% (n=2) of the studies.*'** The studies predominantly utilized xenogenic and allogenic cells. Notably, the

clinical studies used naive allogenic ASCs as the source for EVs.?”-®

MSC Characterization

To standardize studies of MSCs, the International Society for Cell and Gene Therapy (ISCT) has set minimal criteria for
their characterization and identification.>® According to these criteria, MSCs should 1) adhere to plastic; 2) express
CD105, CD73, and CD90, and do not express CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR; and 3)
demonstrate in vitro multi-lineage differentiation into osteogenic, adipogenic, and chondrogenic lineages under specific
culture conditions. Of the studies reviewed, five (41.7%) did not report how MSCs were characterized, six (50%) met
ISCT criteria, and one (8.3%) identified CD markers but did not cover the other criteria aspects. Furthermore, studies that
manipulated MSC sources further characterized MSCs by confirming changes in the cells before EV isolation. For
instance, studies preconditioned with IFN-y checked for indoleamine 2.3-dioxygenase 1 (IDO1) gene expression and
protein abundance as markers for successful preconditioning.>'*? IDO is an important immunoregulatory protein
triggered by IFN-y in preconditioned MSCs. However, it was unclear if IDO was present in the isolated EVs. When
comparing preconditioned and naive MSCs, no difference was observed in the expression of the MSC identification
markers, both the positive and negative. Additionally, examination of engineered SOD3-MSC revealed that lentiviral
transduction and overexpression of SOD3 enhanced MSC proliferation without affecting their capacity for trilineage
differentiation, surface marker expression, or chromosomal stability.36 However, it increased the levels of galectins,
ALCAM, B7-Hl, Fas ligand, ALCAM, B7-H1, Fas ligand, IL-8, IL-6, thrombospondin (TSP)-1, and tissue inhibitor of
metalloproteinase (TIMP)-2 involved in immunomodulation activity of MSCs.*®

MSC-EV Enrichment and Characterization

All examined studies isolated EVs from cultured cells and collected conditioned media for EV enrichment, which was
serum free (n=5) or supplemented with EV depleted FBS (n=3). A combination of enrichment methods was used by all
studies (n=12). Interestingly, half of the studies (including the two clinical studies) employed 0.22 pm filtration and
tangential flow filtration (TFF, n=7, 58%).'*28:293435:3738 TEE pore size used varied between 300 and 500 kDa.
Ultracentrifugation was the second most frequently used enrichment method, used by 3 studies (25%),”"*° and
precipitation kits used by one (8.3%).*> Huang et al (2023) employed a more complex method to prepare synthetic
EVs derived from gingiva-derived MSCs. Grapefruits were blended, filtered, and subjected to differential ultracentrifu-
gation and a sucrose gradient to obtain GEVs. CCR6-GMSCs were ground, centrifuged, and filtered to produce CCR6-
GMSC-NVs. The GEVs were then loaded with CX5461 via electroporation, and finally, the CX5461-GEVs were
extruded with CCR6-GMSC-NVs through a 0.22 pm filter to form the synthetic EVs.*

EV characterization is necessary to estimate the quantity of EVs, establish their presence, and evaluate the contribu-
tions of non-EV components to the observed function. The Minimal information for studies of extracellular vesicles
MISEV2023 and MISEV2018 propose that the abundance of EVs be estimated by evaluating particle number, protein,
and/or lipid content, visualizing EVs, as well as identifying EV markers and non-vesicular components.***' Pre-
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analytical parameter reporting, including the number of secreting cells, volume of biofluid, and mass of tissue, should
also be considered. In the analyzed studies, a number of characterization procedures were employed (Table 1). Size
distribution was analyzed by nanoparticle tracking analysis (NTA) (n=10). Two studies did not report the size or size
distribution.>*~° Particle number was not reported in all the studies except one.”’ Dynamic light scattering (DLS) used in
two studies in combination with NTA.?*3* All studies reported EVs size under 200 nm, highlighting a focus on the small
EVs category. Transmission electron microscopy (TEM) was used to visualize EVs in four studies and CryoTEM in three
studies. Five studies did not report visualizing EVs. Protein quantification was not reported in all the studies except
one.”” EV-specific markers were examined by Western blot only in four studies, and flow cytometry only in one study, or
both in six studies. Only seven studies identified both positive cytosolic and surface markers in addition to negative EV
markers fulfilling MISEV2023 criteria (Table 1). 430133343738 A gingle study assessed the lipidomic profile of MSC-
EVs.'* Global profiling of EV proteins'*** or miRNA?® was also reported.

Animal Studies
Animal Characteristics
A variety of animal models were used to investigate EV therapeutic potential in AD,'***3® Table 2. NC/Nga mice were

30,31,35,36

used in three s‘rudies,zg’”’33 Additionally, BALB/c mice were included in four studies, while SKH-1 mice were

used in a single study.'* One study did not specify the mice strain used.*> Apart from rodents, one study involved canine

28-30,32-36

models.>* Regarding sex distribution, eight studies involved male subjects, and two studies included female

subjects.'*!

Disease Model

Heterogenous protocols have been employed to induce AD in animal models across the evaluated studies. Five studies
induced AD using 2.4-dinitrochlorobenzene (DNCB).?%3233:333¢ Another three studies used Dermatophagoides farinae
for AD induction.”®**>* One study utilized Aspergillus fumigatus,®’ while another applied oxazolone.'* AD induction
methods varied considerably, with durations ranging from two weeks to seven weeks across these studies, Table 2.

Dosage Regimens

Diverse EV dose regimens have been shown by the examined studies, Table 2. The most common method of
administration was subcutaneous injection (n=7), followed by intravenous injection (n=3) and topical application
(n=2). Of these, one study compared IV administration of EVs and SC,*® and another compared SC with topical
administration of EVs.*! Both studies reported no significant difference between the different methods of applications
on AD amelioration. To note, for studies that subcutaneously injected EVs, it was not clear if this involved multiple sites
or a single-site injection. Additionally, the doses used varied considerably among the studies (0.14-500 pg), and the basis
for dose selection was not identified. For instance, studies administered EVs by IV, at a dose of 20 mg/kg@2 mg/kg;>°
0.14, 1.4, and 10 pg per animal;*® 1.5 mL of canine EVs (5 x 10'%) or human EVs (7.5 x 10'1),** respectively. Studies
applied EVs by SC injections used doses of 0.14, 1.4, and 10 ug per animal;*® 1, 3, and 10 pg per animal;'* 25 pg;*' 1.00
x 10%,3.33 x 10%, and 1.00 x 10'/mL;* and 50 or 500 pg.*? In the topical application studies, Wang et al** applied EVs
at concentrations of 15 and 60 pg/mL, while Yoon et al*' administered a single topical dose of 25 pg in a moderate AD
model, while in a severe model, they applied lower doses of 2.5 pg and 0.25 pg. Interestingly, all studies quantified the
dose based on protein concentration except for three studies that used particle concentration.>***3> Also, frequency and
number of doses applied differed among studies. Cho et al*® administered three times a week for four weeks totaling 12
injections (SC and IV); Kim J. et al** SC injected once a week for five weeks. In contrast, Huang et al** administered
three dosages for a week. Shin et al'* applied three doses each week for four weeks. Wang et al*? applied EVs twice
a day for seven days. Yoon et al®' injected EVs once, while Kim et al** injected three times a week for four weeks.
A single SC injection on the seventh day was administered by Yang et al.* This collectively reflects the heterogeneous
approaches employed in designing protocols for AD treatment by MSC-EVs.
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Table | Summary of MSC-EV Characterization Findings

Ref Protein Particle Size (nm) Particle Count Morphology | Protein Positive/Negative Other Protein Markers Global
Concentration Markers Profiling of
EVs
Cho et al 2018'® NR 196 (MD, NTA) NR TEM (WB); . .
+CD9, +CD63,+CD8I,
+TSGI0I
(FO)
+CD63,+CD8I
Park et al 2021 NR 130 (MD, NTA) NR TEM (WB) (FC) _
+CD9, +CD8lI, +TSG101, +CDI105, +CDA49e, +CD44,
+Alix, - Calnexin, - GMI130 and +CD29
(FC) - HLA-ABC and- HLA-
+CD9, +CD8I, +CDé63
Huang et al 2023%° NR 186.2 (MN, NTA) NR TEM (WB) CCR6 miRNA
DLS, PALS +Alix, +TSGI01, +CDé63, sequencing
zeta potential was —20mV +CD8l,
+Calnexin
Shin et al 2020* NR 130 (MD, NTA) NR CryoTEM (WB): (FC): Lipidomic
+Alix, +TSGI0I, +CD9, +CDI105, +CD44, and analysis,
+CD8l, +CD29, (LC-MS/MS)
-GM130, -Calnexin - HLA-ABC and- HLA- proteomic
(FC): DRDPDQ analysis
+CD9, +CD63 and +CD8l,
Wang et al 202272 NR NR NR NR NR . .
Yoon et al 2023 NR 80-120; NR Cryo-TEM (WB) o o
114 (MN, NTA); +CD63,
85 nm (MD, NTA) +CD8l, +TSG101, -GMI130
and - calnexin
(FO)
+CDé63 and +CD8I
Kim et al 2024%* NR (NTA) NR NR (WB) o -
+TSGI101, +CD9, +CD8l, -
calnexin, -GM130
(Continued)
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Table | (Continued).

Ref Protein Particle Size (nm) Particle Count Morphology | Protein Positive/Negative Other Protein Markers Global
Concentration Markers Profiling of
EVs
Han et al 2023%® NR (NTA) (NTA) TEM (WB) (FC) _
+TSGI01,+CD9, +CD8l, - CDI105, CD29
GMI130,
-CALNEXIN
Cho et al 2023" 28.13+8.80 pg/ 103.07 + 6.24 (MD, NTA) 9.46 x 10° £1.72 x10° NR _ (FC) miRNA profiling
mL (microBCA) particles/mL (NTA) + CD8l, low levels of
calnexin
Kim ] et al 20227 NR 142.4 (MD, NTA; NR CryoTEM WB _ Proteomics
CryoTEM) +CDé3, +CD8l, and
DLS (134.38 + 20 nm) and +TSGIOI
(= 12.70 £ 0.78) mV -GM130 and -calnexin
(FO)
+CD9, +CDé63, and +CDS8I
Yang et al 2020% NR NR NR NR (WB) o -
+CD9, +CDé3, 81, and
+HSP70
Kim S et al 2022% NR 182 nm (MD, NTA) NR NR (WB) (FC) _
+Alix, +flotillin and +CD9 +CD105, +CD49%,
(FC) +CD41b, +CD44, and

+CD9, +CD63, and +CD8I

+CD?29.
() HLA-DRDPDQ, () HLA-
ABC
-CD80 -CD86

Abbreviations: BCA, Bicinchoninic acid assay; NTA, nanoparticle tracking analysis; NR, not reported; TEM, transmission electron microscopy; WB, Western blotting; MD, mode; MN, mean; (-), negative for; (+), positive for.
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Table 2 Summary of Animal Studies

Ref

Animal

Characteristics

AD Induction Protocol

MSC-EV Dosage Regimen

Outcome of MSC-EV Treatment

Cho et al 2018'®

5 wk, M, NC/Nga

mice

4% SDS (Ix) ->
D. farinae topical cream
(2x/wk for 3wks)

Tx: ASC-EVs (IV and SC): 0.14 pg, 1.4 pg and
10 pg/animal, 3x/wk for 4 wks
Ctrl: prednisolone (10 mg/kg)

Dose-dependent decrease in serum IgE, similar to prednisolone (both
IV and SC)

Reduced mast cells, CD86+, eosinophils but not neutrophil or other
WBCs

Decreased skin mRNA of IL-4, IL-31, IL-23, and TNF-a (similar to
prednisolone, both IV and SC)

Improved clinical score

and full-thickness skin wound
at the dorsum

2x/day, with a time gap of 8 hours, for 7 days

Huang et al 2023%° | 6-8 wks, M, I%DNCB 3x for | wk+0.5% | Tx: FVs-CX5461, 20 mg/kg@2 mg/kg, IV (tail) FV-CX5461 significantly:
BALB/c mice DNCB every other day for 2 | (3x) for a week - Reduced erythema, scale, edema, and erosion
wks. Ctrl: AD only, GEVs (20 mg/kg), CX5461 (2 mg/ | - Decreased the size and weight of spleen
kg), CCR6-NVs (20 mg/kg), NVs (20 mg/kg), - Decreased skin thickness and mast cell invasion
Dex, GEV-CX5461 (20 mg/kg@2 mg/kg) - Reduced cytokines IL6, TNF-o, IL17
- Reduced the percentage of Thl7, Th2 in CD4+ T cells, and overall
CD4 +T cells in T cells
- Rise in spleen CD4+CD25+Foxp3+ Tregs
- Downregulate TSLP, serum and skin IL-13, TNF-a, and CCL20
- Reduced ROS levels at the lesions of atopic dermatitis
Shin et al 2020* 68 wks, F, SKH- | 2% oxazolone topically applied | Tx: ASC-EVs (SC): I, 3, and 10 pg/animal, 3x/wk | - Decreased epidermal thickness, erythema, and TEWL
| mice, 2/1 wk -> 0.025% every for 4 wks (12 doses) - Dose-dependent decline in inflammation cytokines (IL-4, IL-5, IL-13,
other day for 7 wks Ctrl: 0.1% dexamethasone TNF-a, IFN-y, and IL-17)
- Dose-dependent decrease of TSLP, IgE, and mast cell infiltration
- Improved ceramide and dihydroceramides synthesis
- Activated sphingosine kinase (Sphk) | and reduced sphingosine-
|-phosphate lyase (SIPL)
Wang et al 202222 | 4-5 wks, M, 7% DNCB -> 0.7% DNCB 3x/ | Tx: UC-EVs 60 pg /mL, I5 pg /mL (SC) - Reduced Severity Scoring Atopic Dermatitis (SCORAD)
white mice wk Ctrl: corticosteroid, normal saline - Reduced dermal lymphocyte infiltration

Accelerated wound healing

(Continued)
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Table 2 (Continued).

Ref

Animal
Characteristics

AD Induction Protocol

MSC-EV Dosage Regimen

Outcome of MSC-EV Treatment

Yoon et al 20232

8 wks, F, BALB/c

mice

Mild model:

daily topical 40 pg Af extract
for 5days, repeated after 13-
day interval for 5 days

Severe model:

daily topical 40 pg of Af
extract for 5 days, repeated 5

consecutive days/wk for 5 wks

Mild AD:

Tx: IFN-EV 25 pg; topical or SC

Ix at day 22

Ctrl: PBS no AD; AD only

Severe AD:

Tx: IFN-iEV 2.5 pg vs 0.25 pg (topical)#,

Ix at day 33

Ctrl: PBS no AD; AD only, AD+ dexamethasone

Mild AD:

Both topical and SC IFN-iEV sig reduced mild AD symptoms and scores,

dermal, epidermal thickness, TEWL, eosinophil, neutrophil, and

lymphocyte infiltration. No difference in the efficacy between topical and

SC application

Severe AD:

- Higher Dose IFN-iEV: comparable AD clinical score and TEWL to
normal levels.

- Dose dependent reduction of epidermal and dermal thickness (both EV
conc effective).

- Decreased mast cell, eosinophil, neutrophil, and lymphocyte infiltration
(all EVs and dex)

Kim et al 2024

56wks, M, Dogs

Topical D. farina 2x/wk for 12

wks-> 2x/wk for 4 wks

Tx:

Allogenic: cExos, 5%10'° EVs/1.5mL

Xenogenic: hExos, 7.5%10"" EVs/1.5mL

IV (cephalic vein)

3x/wk at 2-day, 2-day, and 3-day intervals over 4
wks period (12 doses)

Ctrl: 1.5mL saline (IV)

Both cExos and hExos showed similar effects

- Reduced erythematous edema, excoriation, lichenification, and
CADESI-04 score

- Reduced TEWL

- Reduced serum inflammatory cytokines (IFN-y, IL-2, IL-4, IL-12, IL-13,
and IL-31)

- Increased anti-inflammatory cytokines (IL-10, and TGF f)

- Improved microbial diversity

Cho et al 2023'°

6 wk, M, NC/Nga

mice

4% SDS -> D. farina, (100 mg),
2x/wk for 3 wks)

Tx: ASC-EV, 1.00 x 10 3.33 x 10° and 1.00x10
1o particles/mL,

(SC), 3x/wk for 4 wks

Ctrl: No AD; AD only, AD+prednisolone

(10 mg/kg, oral).

ASC-EV dose dependent enhancement, equivalent to prednisolone:

- Improved clinical score

- Reduced thickness of the epidermis

- lowered levels of mast cells and associated indicators (TSLP and
CD86)

- Reduced skin IL-4 and IFN-y expression

- Reduced plasma IgE
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Kim ] et al 20227

6 wk, M, NC/Nga

mice

1% DNCB (topical), 2x/wk ->
0.4% DNCB 3x/wk for 5 wks

Tx:

IFN-EV: 50, 500 pg/animal (SC)
Ix/wk for 5 wks

Ctrl: PBS

IFN-iEV dose dependent enhancement:

- Improved dermatitis score

- Improved TEWL

- Reduced inflammatory receptors (IL-4Ro/13Ral/3 1Ra)

- Reduced IL-31Ra and OSMRB, phosphorylation of JAKI, STATS, and
STAT6

- Reduced TSLP, inflammatory cell infiltration, and mast cells in the skin.

- Increased lipid synthesis proteins

- Improved FLG, KRTI, KRT 10 proteins

Yang et al 2020%

8-10 wks, M,
BALB/c mice

1% DNCB (topical), 3 days ->
0.2% DNCB for 10 days

Tx: SOD3-UC-EVs (SC), once on day 7
Ctrl: UC-EVs
Dose conc.: NR

SOD3 overexpression SOD3-UC-EVs improved efficacy:
- Improved clinical score

- Repressed epidermis thickening

- Reduced lymphocyte, and mast cell infiltration

Kim S et al 2022%°

6 wks, M, BALB/c

mice

1% DNCB (topical), 3 days ->
0.2% DNCB for 3 wks

Tx: canine ASC-EVs, 2x10'° particles/animal
(SO

5x for 2 wks

Ctrl: saline, cASCs (2% 10° cells/animal)

Similar immunomodulatory effects of cASC-EVs, compared to cASCs,

- Improved clinical score

- Repressed epidermis thickening

- Reduced serum IgE, mast cell infiltration, IL-4, IL-13, IL-31, TSLP,
RANTES, and TARC expression.

- Increased Keratin |, FLG, Loricrin, and Involucrin expression

- Improved TEWL

- Inhibited p-STATI, p-STAT3, TRPAI, IL-31RA, and OSMR

Notes: #Discrepancies in IFN-iEV concentration between method and result sections.

Abbreviations: Af extract, Aspergillus fumigatus; ASC-EVs, adipose derived MSC-EVs; cExos, canine adipose tissue-derived MSCs; conc, concentration; Ctrl, control; D. farina, Dermatophagoides farina; DNCB, 2.4-dinitrochlor-
obenzene; EVs, extracellular vesicles; FV-CX5461, hybrid EVs created by fusing grapefruit-derived nanovesicles encapsulated with CX5461 and with CCRé+ nanovesicles from engineered gingiva-derived MSC membranes; GEVs,
grapefruit nanovesicles; CX5461, immunosuppressant with anti-proliferative agent; GEV-CX5461, GEVs encapsulated with CX5461; CCR6-NVs, vesicles from CCR6+ gingiva-MSCs; NVs, naive gingiva-MSCs, Dex, dexamethasone;
hExos, Expi293F cell-derived exosomes; IFN-IEV, interferon gamma primed iPSC-MSC-EVs; 1V, intravenous injection; M, male; MSC, mesenchymal stromal cell; SC, subcutaneous injection; SDS, sodium dodecyl sulfate; sig, significant; wk,
week; TEWL, trans-epidermal water loss; TNF-a, tumor necrosis factor-o; Tx, treatment; UC-EVs, umbilical cord MSC-EVs; x, times.
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Efficacy of EV Therapy in Ameliorating AD Symptoms in Animal Models

There was an overall improvement in AD animals treated with MSC-EVs, regardless of source and dosage regimens;
dose, method of administration, frequency, and duration of application, Table 2. The studies that used naive, IFN-y
preconditioned and engineered MSC-EVs reported improved AD scores as a result of improved erythema/hemorrhage,
edema, excoriation/erosion, lichenification, and scaling/dryness.'*,®* ¢ Histopathological analysis also revealed reduc-

tion in epidermal thicknessM, 28-36 a5 well as reduced immune cell infiltration, including mast cells,l“’zgsl’ﬁ’“’36

28,31

eosinophils, neutrophils,>' or lymphocytes in general.*' *> A study reported a reduction in eosinophils but not in

neutrophil or other WBCs infiltration in the skin of treated AD animals.”® Improved trans-epidermal water loss (TEWL)

and improved levels of skin hydration'#3'-%3

were also reported.

Inflammatory cytokine levels were suppressed in response to MSC-EV treatment such as IL-2,** IL-4,'%2%3% [L-5 14
IL-12,** 1L-13,"** 1L-17," 1L-31,2%2% 1L-23,%® IL-1B,*° IFN=y,'**** thymic stromal lymphopoietin (TSLP),'#?-33
and TNF-o,'*?%3% similar to prednisolone.*® Serum IgE level reduction was reported in several studies as well.'**%3°

Moreover, EV therapy exhibited anti-pruritic effects, as shown by Kim et al (2024), who noted a decrease in IL-31
levels, a potent pruritogenic cytokine, providing relief from itching, a common symptom of AD.>* This alleviation was
proposed to result from reduced IL-31/TRPAl-mediated pruritus and decreased activation of JAK/STAT signaling
pathway.”> Additionally, IL-31Ro, OSMRP, and their downstream signaling molecules (STAT1/5) were suppressed,
which also contributed to the reduction in pruritic symptoms.*?

Huang et al*°

reported a reduction in spleen weight and a decreased percentage of Th17 and Th 2 cells within the
CD4+ T cell population in the spleen, accompanied by a decline in the overall number of CD4+ T cells. They also
observed an increase in CD4+CD25+Foxp3+ regulatory T cells (Tregs), in response to their engineered MSC-EVs.
Additionally, there was a downregulation of CCL20 expression and reduced ROS levels in AD lesions.*® Additionally,
increased anti-inflammatory cytokines such IL-10 and transforming growth factor-p were also reported.*® Interestingly,
Kim et al** found that MSC-EV therapy could notably enhance the diversity of the skin microbial population, as
evidenced by an increase in operational taxonomic units (OTUs) and alpha diversity indices following treatment. This
indicates MSC-EV therapy may counteract skin dysbiosis common in AD skin. Additionally, Shin et al'* examined the
MSC-EV effect on epidermal lipids and reported enhanced expression of epidermal ceramides and dihydroceramides.
This improvement was attributed to the induced production of lamellar layers at the junction between the stratum
granulosum and the stratum corneum,'* also to the improved production of lipid synthesis-associated proteins such as
serine palmitoyltransferase, HMG-CoA reductase, ceramide synthase 3 (CerS3), and ceramide synthase 4 (CerS4).>

1?® found that higher dose
of 10 pg per animal was more effective than lower doses of 0.14 ug and 1.4 pg. Shin et al'* showed that 10 pg per animal

Dose-dependent improvement was reported in all studies that tried different doses. Cho et a

yielded better results than 1 pg and 3 ug doses. Yoon et al,*' in a mild AD model, noted that topical application and SC
injection at 25 ug were more effective, whereas in a severe AD model, 2.5 pg, topically applied, was more beneficial than
0.25 pg. Cho et al*® found better results with the highest particle concentration of 1.00 x 10'® particles/mL compared
with 1.00 x 10° and 3.33 x 10° particles/mL. Additionally, Kim et al** reported that SC injections of 500 pg of IFN-y-

iMSC-EVs were more effective than 50 pg. Conversely, Wang et al*>

reported comparable improvement when using
a higher concentration of 60 pg/mL MSC-EVs in contrast to 15 pg/mL. The observed improvement level was also
equivalent to that achieved with the positive control, dexamethasone.*?

Interestingly, both xenogeneic (human embryonic cell line derived EVs) and allogenic (canine adipose MSC derived
EVs) were well tolerated in a canine AD model, and had a similar effect in ameliorating AD.** To note, a higher dose
was used for the xenogenic EVs: 7.5 x 10" EVs compared to 5 x 10'® EVs for allogenic canine EVs. The authors

suggested that further investigation is necessary.

Adverse Effect Assessment

128 133

and Kim J et a

found no significant changes in body weight, organ structure,

Safety assessment of MSC-EVs was not sufficiently investigated across the various studies. Cho et a
reported no side effects from EV treatment. Huang et al*°
or tissue histology of the heart, liver, spleen, lung and kidney, or blood parameters in AD mice treated with different

engineered MSC-EV formulations, demonstrating high biocompatibility. Similarly, Shin et al'* observed that ASC-EV's
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did not affect animal weight, unlike dexamethasone, which led to weight loss. Yoon et al*! noted that highly concentrated
IFN-y-iExo did not cause hypersensitivity responses in AD mice and resulted in clinical and histological outcomes
equivalent to dexamethasone. Kim et al** also reported no adverse events or anaphylaxis associated with IV adminis-
tration of EV treatment.

In a detailed toxicity study, Cho et al* assessed the safety of canine ASC-EVs (cASC-EVs) in both male and female
ICR mice through single dose, and twenty-eight-day multiple-dose toxicity studies. In the single-dose toxicity study, ICR
mice received doses of 7.45 x 10® (low dose), 2.98 x 10° (medium dose), and 1.19 x 10'° (high dose) particles/20 g. No
animal deaths or adverse symptoms were detected. Although some animals experienced temporary weight loss, this was
not statistically significant and had no toxicological implications. Necropsy assessment revealed no gross abnormalities,
and the estimated lethal dose of ASC-EVs was determined to be 1.19 x 10'° particles/20 g or more. In the 28-day
repeated-dose toxicity study, cASC-EVs were SC injected at a low dose of 7.45 x 10%, medium dose of 2.98 x 10°, and
high dose of 1.19 x 10'° particles/20 g three times a week for 4 weeks. No deaths occurred, and no changes were
detected in clinical evaluations, body weight, eating or drinking habits, or urinalysis outcomes. Although some blood
parameters showed significant differences, such as increases in eosinophil levels, and decreases in red blood cell,
hemoglobin, and hematocrit levels, that varied between males and females, these differences were within the range of
biological variations. Similarly, changes in blood biochemistry, such as decreased total protein and increased chloride in
males and decreased sodium in females, did not have toxicological implications. Organ weight analysis revealed
a statistically significant decrease in the relative ovary weight in females treated with the highest dose, but no notable
histopathological changes were observed. Overall, no gross or microscopic abnormalities related to ASC-EV adminis-
tration were noted in any of the treated animals. The study concluded that the NOAEL (no observed adverse effect level)
for the used cASC-EVs was 1.19 x 10'° particles/20 g and supported their safety for therapeutic use. While this finding is
promising, further studies are necessary to evaluate both the short- and long-term safety of MSC-EV therapies.
Nevertheless, the available evidence supports the safety of MSC-EVs in treating AD, with no significant adverse effects
reported in the studies.

Proposed Mechanism of Action

Immunomodulation

Immunomodulation is proposed to be the primary mechanism of action (MOA) for MSC-EVs in managing AD,
involving both the innate and adaptive immune systems.”®>> This immunomodulatory activity has been evidenced by
MSC-EV ability to reduce key pro-inflammatory mediators, such as IFN-y, IL-2, IL-4, IL-12, IL-13, IL-31 and IgE, their
receptors like IL-4Ra, IL-13Ral, IL-31Ra, CD23, and FceRIL>*2% as well as chemokines such as TARC and RANTES

34,35

while increasing anti-inflammatory cytokines including IL-10 and TGFp, resulting in reducing inflammation,

including Th2-induced responses, and associated symptoms. Additionally, other studies demonstrated MSC-EV ability
to inhibit the activation and infiltration of immune cells, specifically T-cells and mast cells.'*2%!3

Proteomic analysis of EV-treated skin revealed that MSC-EVs act by regulating pathways involved in T cell
differentiation, particularly affecting Thl, Th2, and Th17 cells, which are critical in AD development.®' The anti-
pruritic effects of MSC-EVs were linked to their ability to decrease I1L-31 levels, reduce IL-31/TRPA1-mediated pruritus,
inhibit activation of the JAK/STAT signaling pathway, and suppress IL-31Ra, OSMR, and downstream signaling
molecules (STAT1/5).>*° Inhibition of JAK1 and STAT6 phosphorylation was shown to be involved in MSC-EV
MOA in ameliorating AD.**> Moreover, MSC-EV inhibition of TSLP expression may affect the NF-kB pathway, resulting
in its decreased activity.>

miRNAs within EVs are essential in mediating their therapeutic effects. However, there has been limited research on
this aspect concerning EV therapy for AD. Cho et al* analyzed 798 miRNAs, and found let-7a, let-7b, miR-21, let7f,
miRNA125-b, miR-24, and miR-29a being particularly abundant in ASC-EVs. These miRNAs are known to exert anti-
inflammatory effects by regulating proinflammatory responses and aiding in the resolution of inflammation. The gene
targets of these miRNAs are involved in intrinsic apoptotic signaling and protein kinase activity, and JAK-STAT
pathway, further contributing to their immunomodulatory and anti-inflammatory effects of MSC-EVs.?’
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Skin Regeneration and Barrier Repair

Evidence collected from the analyzed studies suggests that MSC-EV therapy acts by restoring skin barrier function, often
compromised in AD by modulating epidermal cells, confirming MSC-EV pro-regenerative potential. MSC-EVs pro-
moted the release of ceramides and the formation of lamellar layers at the stratum granulosum-stratum corneum interface,
enhancing skin barrier integrity.'* High-throughput RNA sequencing revealed that ASC-EVs restored significantly
altered gene expression in AD, particularly genes involved in keratinocyte differentiation, epidermis development, and
lipid metabolism, such as ceramide synthesis and sphingolipid metabolism. MSC-EV treatment may increase sphingosine
and sphingosine-1-phosphate (S1P) levels by activating sphingosine kinase (Sphk) 1 and reducing their breakdown
through decreased S1P lyase (SIPL) activity. These changes restored the skin barrier.'* The study also noted the
downregulation of genes upregulated in AD, including those involved in cell cycle and inflammation activation. This
resulted in a reduction in TEWL, indicating improved skin barrier integrity.'*** These findings were supported by the
observed enrichment in pathways related to skin barrier development, such as keratinization and cornified envelope
generation, in EV-treated skins.>' Additionally, EVs enhanced levels of epidermal differentiation proteins such as

filaggrin, keratin 1, and keratin 10, facilitating skin barrier repair and regeneration.*-*

Microbiome Regulation

Microbiota dysbiosis, marked by reduced microbial diversity, is common in AD. Research on the impact of EV therapy
on this aspect is limited. A single study reported that MSC-EV therapy increased microbial diversity in AD skin,
suggesting a positive effect on microbiome dysbiosis.** However, the mechanisms behind this effect need further
investigation.

Biodistribution and EV Tracking
Understanding the biodistribution of therapeutic agents is key for assessing their efficacy and safety. Only two studies
reported tracking MSC-EVs administered via IV>® and SC injections.*

In the first study, engineered hybrid nanovesicles FV@CX5461 were labelled with Cy5.5 and administered intrave-
nously to mice with AD.?* Biodistribution was monitored at 3-, 8-, 24-, 32-, and 48-hours post-injection. The study
showed that the FV@CX5461 nanovesicles were detectable as early as 3 hours post-injection, showing more targeted
accumulation in skin tissues compared to nonhybrid nanovesicle control, indicating improved homing capability in areas
of AD lesions. Despite the gradual decline in signal intensity, labelled vesicles remained detectable up to 48 hours post-
injection.*”

The second study conducted a biodistribution investigation with DiR-labeled IFN-y-iIMSC-EVs injected subcuta-
neously into AD mice.>’ Using an in vivo imaging system, the tracking of IFN-y-iMSC-EVs in the body and main
internal organs was performed after 8 hours. The study demonstrated that IFN-y-iMSC-EVs specifically accumulated in
skin tissues, as indicated by the fluorescent imaging.*

However, none of the studies reported assessing MSC-EV penetration through various skin layers or the precise
localization across these layers. Further investigation into these aspects would be crucial for understanding penetration
capabilities and MOA of MSC-EVs in skin therapeutic applications.

Human Studies and Clinical Trials

Two studies were conducted on human subjects, Table 3. *’* These studies examined the potential of using allogenic
human adipose tissue-derived MSC-EVs (ASC-EVs) topically, to alleviate facial redness caused by dupilumab in patients
with severe AD. Both studies separated small ASC-EVs by TFF and characterized them accordingly.

Park et al’” investigated the effects on two male subjects, aged 28 and 32 years old, who developed dupilumab facial
redness (DFR) after dupilumab treatment. In Case 1, after 9 weeks of subcutaneous dupilumab treatment, a 33-year-old
male with severe AD developed increased facial redness and scaling, which failed to respond to topical corticosteroids,
calcineurin inhibitors, and antifungals. In Case 2, after 4 months of subcutaneous dupilumab treatment, a 28-year-old
man with severe AD had an overall improvement in AD but developed increased erythematous maculopatches on his
face, with minimal response to topical treatments. The treatment with ASC-EVs involved a dose of 2.0 x 10° particles/
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Table 3 Summary of Human Studies

Ref Subject Disease Condition MSC-EV Dosage Outcome of MSC-EV
Characteristics Regimen Treatment
Park et al”’ Casel: M, 33 Both had DFR Dose: ASC-EVs - Case |: DFR condition improved
years old Casel: DFR after 9 wks of dupilumab (SC). | 2.0x109 particles/ significantly. The patient was
Case 2: M, 28 No response to DFR with topical mL. ImL of Gel pleased with the outcome and had
years old corticosteroids, calcineurin inhibitors, and formulation no side effects.
antifungals Administration: - Case 2: DFR condition improved
Case2: DFR after 4 months of dupilumab topical, significantly. Improvement was
(SC). Erythematous maculopatches on face. | electroporation- maintained even after reduction
Minimal response to topical corticosteroids, | assisted of dose and frequency
calcineurin inhibitors, and antifungals Frequency:

Casel: Six times,
one week apart.
Case 2: Six times
twice a week, then

every 2 weeks for 3

months
Han et al”® 20 subjects aged | DFR Dose: human ASC- | - Reduced IGA and  CEA
18 and older EVs, lyophilized, from second week of tx
20 mg (970,000 - Erythema index (El)
ppm) - Increased skin hydration

Administration:

Increased patient satisfaction

topical aided with Reduce inflammatory cytokines,
prism sonophoresis L-la

Frequency:

Enhanced VEGF expression
Ix/wk for for 5 wks

Improved FLG expression

Abbreviations: ASC-EVs, adipose derived MSC-EVs; CEA, clinical erythema assessment scale; DFR, dupilumab facial redness; IGA, investigator global assessment score; M,
Male; VEGEF, vascular endothelial growth factor.

mL in a gel formulation containing 30% ASC-EVs, 2% 1.2-hexanediol, 1% glycerin, 0.6% ammonium acryloyldi-
methyltaurate/VP copolymer, 0.0045% L-arginine, and 66.3955% water, applied topically with electroporation assis-
tance. In Case 1, the treatment was applied six times, once a week. In Case 2, the treatment was applied six times twice
a week, then every two weeks for three months. Both cases showed significant improvement in DFR, with patients
expressing satisfaction with the outcomes and no side effects reported. Case 2 maintained improvement even after
reducing the dose and frequency of application.®’

In Han et al*®

study, twenty patients aged 18 and older, diagnosed with DFR, were treated with 20 mg (970,000 ppm)
of lyophilized human ASC-EVs applied topically to the entire face. The treatment was followed by prism sonophoresis,
creating ultrasonic waves to enhance the penetration of topical treatments into the skin. The ASC-EV therapy was
administered once a week for five consecutive weeks, with follow-up lasting for eight weeks after the final ASC-EV
treatment. The study reported that applying the ASC-EV topical formulation quickly resolved DFR symptoms, with
improvements noted in Investigator Global Assessment (IGA) and Clinical Erythema Assessment (CEA) scores from
the second week of treatment. The erythema scores decreased more rapidly than other DFR symptoms, such as
papulation or infiltration. The erythema index also showed significant improvement. However, the average satisfaction
index was highest in week 2 and gradually decreased thereafter, most likely because patients noticed significant changes
after the initial treatment sessions but became less responsive to further improvements over time. The study also reported
that ASC-EV treatment improved stratum corneum levels of epidermal proteins FLG and VEGF while reducing
inflammatory cytokines IL-1o and TSLP.*®
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To get a comprehensive overview of the current state of AD therapy research involving MSC-EVs, we searched
ClinicalTrials.gov database for ongoing trials. However, no relevant studies were identified.

Discussion and Future Perspective

This review provides a comprehensive analysis of the current landscape of MSC-EV research, in the context of AD
treatment. Our search strategy identified 12 studies on MSC-EV therapy for AD, covering both human and animal
models. The studies identified were primarily from East Asia, particularly Korea and China. The funding sources for
these studies were diverse, ranging from government agencies to industry, reflecting a broad interest in the therapeutic
potential of MSC-EVs for AD across different sectors in those regions.

Interestingly, there was greater interest in adipose-derived MSCs (ASCs) as the source of EVs, by over half of the
studies, while only a few studies explored MSCs from umbilical cords and iPSCs. Other sources, such as bone marrow,
amniotic fluid, or umbilical cord blood, were not investigated. Although it is too early to draw definitive conclusions due
to the evolving nature of this research area, similar observations have been noted regarding the use of ASCs in AD cell
therapy.'* ASCs were popular for AD treatment because of their accessibility, established safety profile, minimal ethical
concerns, and immunomodulatory and regenerative effects.'> However, further studies are needed to explore alternative
sources and compare their efficacy to identify the optimal choice for AD therapy.

Naive MSCs were the primary choice for EV isolation, but there were also some attempts to boost EV therapeutic
potential through genetic modifications or inflammatory preconditioning. These modifications have been shown to affect
the composition and functionality of the resulting EVs. An interesting approach involved creating a hybrid of plant-
derived exosome-like nanovesicles, which are effective antioxidants and drug carriers but have limited immunomodu-
latory and targeting potential, with MSC membranes engineered to overexpress the chemoattractant CCRO, targeting
CCL20 in AD. The hybrid was also encapsulated with CX5461, an immunosuppressant and anti-proliferative agent. This
created hybrid vesicles that leverage the advantages of all components and show enhanced efficacy and safety in the
preclinical testing.* Considering minimally manipulated sources may facilitate easier regulatory approval, it is crucial to
weigh the pros and cons of each approach and explore various ways to enhance the efficacy of EVs.

Interestingly, small EVs were predominantly used in the studies. Studies used a combination of isolation methods and
washing steps to enhance isolate purity. While ultracentrifugation has traditionally been the dominant method for
isolating EVs for wound healing and skin regeneration interventions,** it was interesting to find that TFF has become
the preferred technique for concentrating and purifying MSC-EVs for AD therapy. Growing interest in TFF is due to its
capacity to handle large volumes and scalability to produce clinical grade EVs.**** This technique is favored over
centrifugal ultrafiltration or ultracentrifugation because it applies less force and pressure on EVs, minimizing stress and

aggregation,***> hence, improving EV yield and potency.***°

Guidelines such as MISEV2023 and the ISCT criteria play a critical role in ensuring the quality of research.’**'
MISEV2023 provides detailed recommendations to improve EV isolation, characterization, and methodological report-
ing, while the ISCT guidelines specifically outline criteria for identifying the MSCs. The primary aim of these guidelines
is to promote rigor, transparency, and comparability, and facilitate successful clinical application of EV-based
therapies.”**® However, our study found that these guidelines were not consistently followed. For instance, many studies
failed to fully adhere to ISCT’s identification criteria for MSC sources, and inconsistencies were common in the reporting
of essential EV characterization parameters, such as protein concentration, particle number, and protein markers. More
consistent adherence to the guidelines will be key to advancing the clinical potential of EV-based therapies. Moreover,
establishing high purity of MSC-EV preparations is essential when attributing the examined effects to MSC-EVs.*°
However, TFF does not consistently yield highly purified EVs,*” as a result, the lack of reported purity measures hinders
the ability to determine the extent to which EVs contribute to the observed effects. Thorough validation of EV identity
and enhanced reporting is strongly recommended.

Despite the differences in models, dosing regimens, and MSC-EV sources, studies showed an improvement in AD
symptoms after MSC-EV therapy. This improvement was seen in key indicators like reduced erythema, edema, scaling,
pruritus, and TEWL, as well as improved histopathological features such as reduced epidermal thickness and immune
cell infiltration. MSC-EVs also seemed to work by modulating immune responses. The studies reported a drop in pro-
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inflammatory cytokines like IL-4, IL-13, IL31, and TSLP—major drivers of AD* and enhanced skin barrier.
Interestingly, these cytokine levels were reduced to levels comparable to prednisolone, a commonly used anti-
inflammatory drug,® hinting that MSC-EVs might offer a promising alternative therapy.

Mechanistic studies of MSC-EVs for AD treatment are still limited. The analyzed research points to their involvement
in regulating essential pathways related to epidermal differentiation, keratinization, ceramide production, and modulation
of epidermal gene expression, all of which support enhanced skin regeneration.'**'~** Our analysis further confirms what
existing literature suggests: MSC-EVs manage AD mainly through immunomodulation, regulating pathways such as
T cell differentiation and the JAK/STAT signaling pathway. These are key pathways commonly targeted by therapeutic
strategies for treating AD.'"*’ miRNAs within MSC-EVs seem to play an important role in regulating inflammatory
responses and apoptotic signaling, which contributes to their anti-inflammatory and therapeutic effects.>® Additionally,
MSC-EVs showed promise in influencing microbiome diversity in AD,** though the precise mechanisms are not yet fully
understood. More research is needed to uncover the detailed MOA and identify the key components responsible for these
effects.

Safety assessment findings were generally positive, with no significant side effects reported. This is encouraging,
particularly given the potential for EV therapy to provide a safer alternative to conventional AD treatments that often
have significant side effects.’®>' Additionally, xenogenic and allogenic MSC-EVs were well tolerated and effective.
These findings are consistent with previous research that supports the safety of MSC-EVs in treating various
conditions.”® Despite numerous animal studies and clinical trials confirming MSC-EV biosafety, thorough safety
evaluations are essential for any new therapeutic product. EV medicinal products are distinct in that the process
significantly influences the product.’* Even when derived from the same source, different preparation methods produce
a varied mixture of co-isolates and SEV subsets,” each with unique characteristics. Regulatory approval is critical to
ensure the safety and effectiveness of MSC-EV therapies before clinical application, as emphasized by the FDA’s
warning regarding unlicensed exosome products.’® Additionally, factors like recurring administration, off-target effects,
and overdose require further investigation. Therefore, additional studies are needed to assess the safety of EV therapies in
both the short and long terms.

To note, the studies demonstrated considerable variability in dosage regimens and delivery methods, with SC
injection being the most common, followed by IV injection and topical application. Local delivery of MSC-EVs avoids
clearance by phagocytes in the circulatory system, boosting bioavailability in target tissues and reducing the required
therapeutic dose.”> On the other hand, systemic administration tends to result in sEV accumulation in specific organs like
the lungs, liver, kidneys, and spleen.”® Despite these variations, no significant differences in effectiveness were observed
across the different methods for MSC-EVs administration.?®!

Interestingly, the studies that tested different dosing strategies reported that higher doses led to better results. This
suggests that finding the right dose concentration could be crucial for getting the best outcomes. It is intriguing that in
some of the experiments, MSC-EVs came from a similar source and prepared using similar isolation and preparation
methods, yet the effective dose varied considerably. This underscores the need for clear standards to determine the best
dosing approach.”” The lack of guidance on determining the appropriate dose for EV studies is the reason for the
observed inconsistency in dose selection across studies, which affects reproducibility.

The animal models used in these studies were primarily rodent models, with a few canine models included. The
diversity of species, alongside variations in sex distribution and AD induction methods, adds a layer of complexity to
interpreting the results. The induction of AD in these models ranged from topical application of allergens like D. farinae
to chemical inducers such as DNCB. This variation in models and induction methods introduces heterogeneity, which
may limit the comparability of results and their broader applicability. Mouse models are vital for preclinical research
on AD, but current models often fail to accurately replicate human AD’s clinical complexity, instead mimicking allergic
or irritant contact dermatitis.’® Nevertheless, the disease manifestations reported here still resembled the characteristics
of AD, and recent transcriptomic and metabolomic analyses showed considerable overlap between human AD and select
murine models.’”®® Indeed, no single murine model captures all aspects of human AD,’”>* The challenge is further
complicated by recent findings of distinct AD endotypes with varying Thl, Th2, Th17, and Th22 inflammation patterns,
which are not fully represented in current animal models.”® This limits their predictive value for clinical outcomes and

International Journal of Nanomedicine 2025:20 hetps: 2689



Al-Masawa et al

their utility in studying human AD pathophysiology. To address this, Gilhar et al (2021) proposed minimal criteria that
effective AD mouse models should meet, including AD-like epidermal barrier defects with reduced filaggrin and
hyperproliferation; increased expression of TSLP, periostin, and chemokines like TARC; characteristic dermal immune
cell infiltrates with key cytokines such as I1L-4, IL-13, IL-31, and IL-33; neurodermatitis features including sensory skin
hyperinnervation and stress-triggered lesions; and responsiveness to standard AD therapies;>® some of which were
reported by the examined studies. Nevertheless, it is still important for researchers to reach a consensus on how well
these animal models reflect human disease and to identify the most suitable models for preclinical testing. Alternatives,
such as xenograft and humanized skin mouse models, may offer promising options.>*!

The studies by Park et al’” and Han et al*® offer exciting insights into how allogenic human ASC-EVs can alleviate
dupilumab facial redness (DFR).*”*®* DFR, which manifests as an eczematous facial rash after starting dupilumab, was
not described in the clinical trials of this monoclonal antibody.®> However, in real-world practice, it affects roughly 10%
of patients and often leads to a significant drop in quality of life, as the visible nature of the redness can be distressing.®®
Patients with DFR have limited treatment options, with topical corticosteroids, calcineurin inhibitors, and antifungal
agents offering relief to only 25-30% of cases. Unfortunately, some patients discontinue treatment due to this adverse

event.®> While the underlying causes of DFR are still poorly understood, as several theories exist, Park et al*’

suggest
that DFR might represent site-specific treatment failure by dupilumab rather than an allergic reaction. Encouragingly, all
patients reported significant relief with no side effects, leading to improved satisfaction, even with varying treatment
schedules. This relief was interestingly rapid compared to other therapies.*® ASC-EVs not only reduced facial redness but
also improved other skin-related issues such as inflammation markers and barrier function, highlighting their potential as
a more comprehensive treatment.>® The examined studies suggest that ASC-EVs could be particularly effective for DFR
due to their immunomodulatory properties and pleiotropic effect, which allow them to target the diverse pathophysiology
of the condition, particularly given the limitations of current therapies.’”**

Interestingly, ASC-EVs were applied noninvasively using topical methods enhanced by electroporation®” or
sonophoresis,*® with both approaches proved effective. This non-invasive approach is advantageous as it enhances
patient compliance, addressing challenges such as discomfort, complex regimens, and poor adherence that often impede
the success of AD therapy.®* The dose was adapted from earlier research on skin regeneration but reduced to account for
the damaged skin and barrier defects common in AD.?” The main limitation of these studies was the small sample size
and absence of a control group, but the results are still promising. Larger, randomized controlled trials will be essential to
confirm these findings and refine treatment protocols, yet ASC-EVs appear to offer a novel and effective solution for AD
patients dealing with DFR.

Our search on ClinicalTrials.gov for ongoing trials on MSC-EVs for AD therapy yielded no relevant studies.
However, we did come across an interesting Phase I study (NCT05523011), investigating the safety and tolerability of
an MSC-derived exosome ointment for psoriasis, another inflammatory skin disease. The study reported no serious
adverse events, indicating the potential safety of MSC-EVs as a therapeutic option. This emphasizes the need for more
clinical studies to evaluate MSC-EVs, whether naive or modified, as a standalone therapeutic agent for AD.

Moving forward, there are several areas for future research. Although ASCs are currently favoured, exploring other
MSC sources, such as umbilical cord, and comparing their efficacy and safety, will be vital for identifying the most
effective treatments for AD. Standardizing isolation and preparation methods for MSC-EVs may be challenging, making
adherence to guidelines like MISEV2023 and ISCT criteria essential. Detailed reporting and clear identity markers for
MSC-EV preparations will enhance the interpretation, reproducibility, and comparability of results. Additionally, more
research is needed to elucidate the mechanisms through which MSC-EVs exert their effects on AD, including studies on
MSC-EV pharmacokinetics, biodistribution, and localization to understand their fate and target cells. Exploring ways to
improve EV penetration, targeting, and overall therapeutic outcomes will also be important. While initial safety
assessments are promising, comprehensive evaluations of long-term effects, potential off-target impacts, and implications
of repeated administration are necessary. Rigorous safety studies and regulatory oversight will be critical for the
successful translation of MSC-EV therapies to clinical practice. Furthermore, the limitations of current animal models

in replicating human AD highlight the need for more accurate models, to improve the relevance of preclinical findings
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and facilitate the translation of therapies to human trials. Additionally, identifying measurable biomarkers for MSC-EV

and their source potency and functionality are needed as they remain a challenge.®>®

Conclusion

In conclusion, MSC-EV therapy for AD holds a significant promise but is still in its early stages. While current research
demonstrates the potential of MSC-EVs in modulating immune responses and promoting skin regeneration, several
challenges remain, including gaps in mechanistic understanding, safety concerns, and the need for optimization of
treatment strategies. More research is needed to explore different MSC sources, refine isolation techniques, and improve
preclinical models. It is also crucial to interpret the findings with caution, as several key areas remain inadequately
understood, in addition to the critical issue of lacking guideline compliance, which must be addressed to drive progress in
the field. Overcoming these challenges will require collaborative efforts from researchers, regulatory bodies, and
international societies. While MSC-EVs show significant promise as a novel therapy for AD, further research is essential
to bridge existing gaps, ensuring the safe and effective clinical translation of this promising approach.
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