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Harnessing the Immunomodulation of UV-Exposed
Keratinocyte Extracellular Vesicles for Inflammatory
Disorder Treatment

Lu Liu, Ding Yang, Jingsen Ji, Gengyou Li, Haoting Chen, Yuying Yao, Chenxing Fu,
Fangling Liao, Jinzhao Liu, Yaming Zhang, Zechuan Li, Jing Zhang, Huike Ma,
Jingxia Zhao, Ying-Shi Sun, Weisheng Guo,* and Weiping Wang*

Sunbathing excessively heightens the risk of skin carcinogenesis due to
ultraviolet (UV)-mediated immunosuppression. Keratinocytes, the primary
cells in epidermis, play a pivotal role in orchestrating the UV-induced
immunosuppressive response by releasing platelet-activating factor (PAF)
upon UV exposure. Adopting a paradigm shift that transforms a known health
hazard as a potential therapeutic asset, a novel therapeutic strategy is set out
to investigate for inflammatory conditions by leveraging immunosuppressive
properties of UV-irradiated keratinocytes. To safely exploit this mechanism,
extracellular vesicles are isolated from UV-irradiated keratinocytes, designate
UVKEV, and assess their potential as immunomodulatory agents in the mouse
model of inflammatory bowel disease (IBD) and imiquimod (IMQ)-induced
psoriasis. Subcutaneous administration of UVKEV efficiently stimulates the
secretion of prostaglandin E2 (PGE2) by keratinocytes and promotes the
migration of mast cells to lymph nodes through the PAF/PAF receptor
pathway. The as-prepared UVKEV effectively reshapes the immune landscape
within the spleen by inhibiting dendritic cell maturation and increasing the
population of regulatory T cells. Animal studies confirm that UVKEV can result
in robust systemic immune tolerance and significantly alleviate the symptoms
of both IBD and psoriasis. This study presents the possibility of UVKEV as
natural immunoregulatory therapeutics for the managing inflammatory
disorders with promising clinical potential.
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1. Introduction

Mounting evidence suggests that UV ra-
diation is a contributing factor to the in-
creased incidence of skin cancer by induc-
ing systemic immunosuppression.[1] Based
on this, psoralen UV A (PUVA) therapy
has pioneered the therapeutic application
of UV light in medicine.[2] This treat-
ment modality has demonstrated therapeu-
tic efficacy in various dermatological con-
ditions including alopecia areata, vitiligo,
and lichen planus, primarily through its
immunosuppressive effects.[3] Importantly,
experimental studies in contact hypersensi-
tivity models and transplant rejection sys-
tems have revealed that UV radiation can
promote the differentiation of specialized
T cell populations, particularly regulatory
T cells (Tregs).[4] Contrary to traditional
views, the carcinogenic potential of UV-
irradiated keratinocytes could be harnessed
as a novel therapeutic paradigm for autoim-
mune and inflammatory conditions, aim-
ing to induce a systemic immune tolero-
genic response. Keratinocytes, the predom-
inant cells in the epidermis, are central
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to mediating the UV-induced immunosuppressive effects.[5]

They produce platelet-activating factor (PAF) upon UV irradia-
tion, serving as a pivotal molecular bridge that connects UV ex-
posure to the immune system through interaction with ubiqui-
tously expressed PAF receptors (PAF-R). This lipid mediator or-
chestrates a sophisticated immunosuppressive cascade: initially
generated by UV-exposed keratinocytes, it subsequently triggers
mast cell migration in vivo, ultimately culminating in systemic
immune suppression.[6,7] In specific, the secreted PAF facilitates
the migration of mast cells to the regional lymph nodes,[8] which
promotes the generation of regulatory T (Treg) and B (Breg) cells
due to the secretion of interleukin 10 (IL-10) and tumor necrosis
factor (TNF) by mast cells in lymph nodes.[9,10] Furthermore, the
IL-10 released by mast cells biases the immune response toward
a T helper 2 (Th2) phenotype, leading to systemic immunosup-
pression.
Concurrently, extracellular vesicles (EVs) have emerged as piv-

otal mediators of intercellular communication, attracting con-
siderable attention for their therapeutic potential.[11,12] A grow-
ing body of evidence indicates that EVs derived from both im-
mune and non-immune cells serve critical immunoregulatory
functions. These versatile nanovesicles demonstrate remark-
able functional plasticity, capable of either enhancing or sup-
pressing immune responses, and have been implicated in the
pathogenesis of diverse inflammatory, autoimmune, and infec-
tious diseases.[13,14] Of particular interest, UV-irradiated ker-
atinocytes not only upregulate PAF expression but also release
substantial quantities of Evs.[15,16] We postulate that these UV-
keratinocyte-derived EVs may inherit and propagate the im-
munomodulatory properties of their parent cells. This hypothesis
is supported by emerging evidence suggesting that keratinocyte-
derived EVs serve as key mediators of UV-induced systemic
immunosuppression.[17,18] The unique combination of PAF-
related immunomodulation and inherent intercellular signal-
ing capabilities positions these EVs as particularly promising
therapeutic candidates for inflammatory and autoimmune dis-
orders. These findings have inspired an innovative therapeu-
tic paradigm: rather than employing direct UV irradiation, we
propose utilizing in vitro-generated UVKEVs. This approach of-
fers significant advantages by potentially delivering targeted im-
munomodulation while circumventing the deleterious side ef-
fects associated with whole-body UV exposure.[19] However, the
therapeutic potential of the UV-exposed keratinocyte-derived EVs
in the context of inflammatory or autoimmune disorders remains
largely unexplored. Furthermore, the precisemechanisms under-
lying their systemic immunosuppressive effects require further
elucidation.
In this study, we successfully isolated EVs from UV-irradiated

keratinocytes (termed UVKEV) and explored their potential as
an innovative immunomodulatory therapeutic in the treatment
of inflammatory bowel disease (IBD) and psoriasis.[20] Our
findings revealed that UVKEV contained significantly elevated
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levels of PAF compared to their counterparts derived from the
unirradiated keratinocytes (termed KEV). Subcutaneous injec-
tion of the PAF-rich UVKEV effectively stimulated the secretion
of prostaglandin E2 (PGE2) and IL-10 by keratinocytes and
promoted mast cell migration via the PAF/PAF receptor pathway
(Scheme 1). This results in a significant reshaping of the immune
landscape in the peripheral, characterized by the inhibition of
dendritic cell maturation and an increase in the population
of Tregs. In murine IBD and psoriasis model, the therapeutic
potential of UVKEV is underscored by their ability to markedly
alleviate symptoms by inducing robust systemic immune toler-
ance, which was substantiated by an augmented ratio of Tregs
within the spleen of the treated mice. These results highlight
UVKEV as a promising natural immunoregulatory therapeutic for
managing inflammatory disorders, offering a targeted approach
to immune system modulation with considerable clinical poten-
tial. This study not only proposes a novel strategy for treating
inflammatory conditions, but also reshapes the understanding of
UV radiation’s impact on the immune system, redefining a rec-
ognized health threaten as a potential opportunity of therapeutic
asset.

2. Results and Discussion

2.1. Preparation and Characterizations of UVKEV

Efficient collection of immunosuppressive vesicles from in vitro
stimulation is the basis for subsequent investigations. There-
fore, the optimal preparation method was initially developed by
adopting favorable parameters for cell culturing and UV irradia-
tion to keratinocytes.[21] Our investigations primarily focused on
UV light intensity, irradiation duration, and the incubation pe-
riod following irradiation, as these parameters significantly af-
fect the desired yield of UVKEV.[22] Our findings indicated that at
UV light irradiance of 3 or 6 mW cm−2, 15 μg of protein could
be harvested from 107 cells (Figure S1A, Supporting Informa-
tion). Even though much higher intensities may further increase
the protein content, they are also prone to elevate the apoptosis
risk of keratinocytes (Figure S1B, Supporting Information).[23]

Hence, the irradiation intensity of 3 mW cm−2 was determined
for keep exploring other parameters. Surprisingly, the prolonged
irradiation time did not influence neither protein content nor IL-
10 expression levels of UVKEV, and the percentage of apoptotic
keratinocytes increased alongside the continued irradiation time
(Figure S1C–E, Supporting Information). Based on the results,
we adopted the irradiation time of 2 min for generating UVKEV.
Additionally, the data presented in Figure S1F (Supporting Infor-
mation) demonstrated that the protein yield of UVKEV was also
dependent on the incubation period following irradiation. Con-
sistent with the other reportedmethods for acquiring EVs,[24,25] ir-
radiated keratinocytes were kept culturing for another 24 h before
collecting UVKEV. The entire preparation process of UVKEVwas il-
lustrated schematically in Figure 1A. In specific, supernatants of
UV-irradiated keratinocytes were collected for the two-step cen-
trifugation, followed by protein quantification and storage at –
80 °C for subsequent evaluations.
To confirm the successful preparation of UVKEV, EVs with

(UVKEV) and without (KEV) UV irradiation were characterized
using transmission electron microscopy (TEM), separately. The
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Scheme 1. Schematic illustration of extracellular vesicles released by UV-irradiated keratinocytes (UVKEV) targeting colitis therapy through systemic
immunosuppression. A) Preparation process of UVKEV. B) Effects of UVKEV on keratinocytes and mast cells after subcutaneous injection. In specific,
UVKEV interact with keratinocytes through PAF-PAFR pathway to generate PGE2 and IL-10, which will further facilitate the migration of mast cells
to draining lymph nodes and generate IL-10. C) Therapeutic effects of UVKEV in inflammatory bowel disease (IBD) mice by inducing the systemic
immunosuppression. PAF: platelet-activating factor, PGE2: prostaglandin E2.

results revealed no significant structural changes between UVKEV
and KEV and they both exhibited characteristic morphology of
EVs (Figure 1B; Figure S2A, Supporting Information). Nanopar-
ticle tracking analysis (NTA) was then employed to assess the dis-
tribution of UVKEV and KEV. As depicted in Figure 1C and Figure
S2B (Supporting Information), UVKEV and KEV all demon-
strated favorable distribution characteristics, with (9.14 ± 0.24)
× 109 UVKEV yieldable from ≈107 cells. Dynamic light scatter-
ing (DLS) was subsequently used to determine the hydrodynamic
size and zeta potential of UVKEV. The analysis revealed an average
size of 215.3 ± 39.9 nm and a zeta potential of −40.2 ± 0.65 mV
for UVKEV (Figure 1D,E). Furthermore, the stability of UVKEVwas
also assessed by DLS, confirming that UVKEV remained stable in
PBS at 37 °C for at least five days, with no significant changes
in size or polydispersity index (PDI) (Figure 1F). Besides, protein
composition of KEV and UVKEV were verified by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure
S3, Supporting Information). Compared to the keratinocytes, the
protein type and quantity in KEV and UVKEV were significantly

lower. Western blotting was then used to evaluate the specific
biomarkers expression of EVs in UVKEV and KEV.[26] The images
in Figure 1G confirm the presence of the representative mark-
ers Alix and TSG101 on both UVKEV and KEV, while the negative
marker calnexinwas detected exclusively in keratinocytes, but not
in UVKEV or KEV. Additionally, IL-10 expression in UVKEV was
markedly higher compared to KEV or keratinocytes, indicating
the potential immunosuppressive properties of UVKEV.

2.2. Immunoregulation Potential of UVKEV

As the direct result of UV irradiation, a series of immunomodu-
lators, including but not limited to PAF, IL-10 and TNF, are re-
leased by keratinocytes to induce immunosuppression.[27] Based
on the foundation that IL-10 expression in UVKEV was much
higher than that in KEV or non-irradiated keratinocytes, UVKEV
are suggested to take a key role in transferring the modulators
for immunosuppression.[28] To evaluate the immunomodulatory
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Figure 1. Characterizations of keratinocyte-derived extracellular vesicles induced by UV irradiation (UVKEV). A) Schematic illustration of the collection
and storage procedure of UVKEV. B) Representative TEM image of UVKEV. Scale bar: 200 nm. C) Size distribution of UVKEV detected by nanoparticle
tracking analysis (NTA). D) Zeta potential distribution of UVKEV. E) Average size and zeta potential of UVKEV. F) Stability test of UVKEV in PBS at 37 °C.
G) Western blotting results of various proteins expression in keratinocyte, KEV, and UVKEV (KEV present the keratinocyte-derived extracellular vesicles
without UV irradiation). PDI: polydispersity index.

potential of UVKEV, comprehensive experiments were conducted
both in vitro and in vivo. As depicted in Figure 2A, following
subcutaneous injection, UVKEV are hypothesized to interact with
PAF receptors expressed on keratinocytes andmast cells, thereby
inducing the secretion of immunoregulatory cytokines. This is

critical for promoting mast cell migration to the draining lymph
nodes. Subsequently, the recruited mast cells, in conjunction
with other immune cells such as Tregs and Bregs, further en-
hance systemic immunosuppression through the production of
IL-10 within the lymph nodes.
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2.2.1. Effects of UVKEV on Keratinocytes and Mast Cells

As high PAF expression of UVKEV is the base of
immunosuppression,[29] PAF content was first detected by
enzyme-linked immunosorbent assay (ELISA). Compared
to KEV, PAF expression of UVKEV was about twice higher
(Figure 2B), which validated the UV-mediated elevated expres-
sion of PAF. Then, to understand the cellular uptake mechanism
of UVKEV, four endocytosis inhibitors (methyl-𝛽-cyclodextrin
(M-𝛽-CD), chlorpromazine (CPZ), genistein and EIPA) were
applied to keratinocytes before adding UVKEV. The results in
Figure 2C exhibit that the uptake percentage of UVKEV reduced
significantly in M-𝛽-CD and genistein treated group, indicat-
ing that the endocytosis of UVKEV was both lipid rafts and
caveolar-mediated. Meanwhile, cellular uptake experiment also
confirmed higher PAF content of UVKEV by increased uptake
behavior of keratinocytes (Figure 2D; Figure S4, S5, Supporting
Information). With proven enhanced PAF on UVKEV, the down-
stream expression level of PGE2 and IL-10 in keratinocytes was
further evaluated by being treated with distinct concentrations
of KEV or UVKEV. Due to the high expression level of PAF on
UVKEV, both PGE2 and IL-10 expression in the keratinocytes
treated with UVKEV was much higher than that in the KEV
treated group at the same protein concentration (Figure 2E–G).
Meanwhile, PGE2 and IL-10 expression in

UVKEV treated group
were dose dependent, which also confirmed the expression of
PGE2 and IL-10 was related to the PAF content.
Moreover, the impact of UVKEV on mast cells was also as-

sessed, revealing a higher IL-10 and CXCR4 expression com-
pared to the KEV treatment (Figure 2H,I). To further investi-
gate the influence of this process on mast cell dynamics, lymph
nodes were harvested from mice at different intervals post-
subcutaneous administration of UVKEV. Flow cytometry anal-
ysis exhibited the proportion of CD117+Fc𝜖RI𝛼+ cells in the
lymph nodes were highest 24 h after subcutaneous injection,
corroborating a significant accumulation of mast cells at this
time point (Figure 2J). Consequently, the mast cell population
in the lymph nodes of mice was next analyzed 24 h after re-
ceiving UVKEV, KEV, or no treatment. As depicted in Figure 2K,
the mast cell frequency in the lymph nodes of UVKEV-treated
mice were markedly elevated compared to the KEV-treated or un-
treated mice, which proved UVKEV facilitated the migration of
mast cells to the draining lymph nodes. Furthermore, toluidine
blue staining was employed to confirm the migration of mast
cells. The images and quantification of mast cells in Figure 2M,L
clearly illustrated a pronounced influx of mast cells in the lymph

nodes of UVKEV-administered group, exhibiting a notably higher
mast cell density than the KEV and control group. Finally, IL-
10 expression levels in lymph nodes were evaluated at multiple
time points (12, 24, and 48 h) after subcutaneous administra-
tion of PBS, KEV, or UVKEV. As shown in Figure 2N, IL-10 levels
peaked at 24 h post-injection, with UVKEV-treated mice demon-
strating significantly higher lymph node IL-10 content compared
to PBS- or KEV-treated controls. Consistent with these find-
ings, immunohistochemical analysis confirmed maximal IL-10
expression in lymph nodes from UVKEV-treatedmice (Figure 2O;
Figure S6, Supporting Information). These results collectively
demonstrate that UVKEV possess significant immunosuppres-
sive potential, which appears to bemediated through their effects
on subcutaneous keratinocytes and mast cells via PAF receptor
signaling.[30]

2.2.2. In Vivo Systemic Immunoregulation Ability of UVKEV

Dendritic cells (DCs) stand as pivotal antigen-presenting cells
within the lymphatic system, bridging the innate and adaptive
immune response.[31] These versatile sentinels of the immune
system exhibit dualistic phenotypes: an immunogenic pheno-
type that fosters robust effector responses, and an immunosup-
pressive phenotype conducive to the establishment of immune
tolerance.[32,33] The immunogenic DCs augment the activation
of the immune system by upregulating the expression of costim-
ulatory molecules such as CD80 and CD86, thereby catalyzing
the generation of cytotoxic and helper T cells. In contrast, the
tolerogenic DCs (tDCs) are characterized by their minimal ex-
pression of these costimulatory molecules.[34] They are instru-
mental in inducing T cell anergy, deletion, and in the produc-
tion of Tregs through multifaceted pathways. Herein, the opti-
mal in vivo dosage of UVKEV to induce tDCs was investigated at
first. Healthy mice were administered subcutaneously with the
doses of UVKEV categorized as high (50 μg mouse−1), medium
(20 μg mouse−1), and low (5 μg mouse−1). Following a seven-day
interval post-injection, spleens were harvested from mice and
subjected to flow cytometric analysis. The high-dose treatment
regimen did not demonstrate any significant deviations from
the control PBS group. Conversely, the low-dose treatment regi-
men significantly reduced the proportion of CD80+CD11c+ cells
(Figure 3A,B) as well as CD86+CD11c+ cells (Figure 3C,D).
Therefore, the low dose of UVKEV was further used for vaccina-
tion. After three subcutaneous administrations at three-day in-
tervals, the frequency of Tregs within the spleen (Figure 3E,F)
and bloodstream (Figure 3G,H) was evaluated. In contrast to the

Figure 2. Evaluation of the impacts of UVKEV on keratinocytes andmast cells. A) Schematic illustration of the immunosuppressive mechanism of UVKEV.
B) Platelet activating factor (PAF) expression on KEV and UVKEV detected by ELISA (n = 3). Statistical analysis was performed using unpaired Student’s
t test, ***P < 0.001. C) Cellular uptake mechanism of UVKEV by keratinocytes (n = 3). D) Cellular uptake behavior of KEV and UVKEV in keratinocytes
detected by confocal microscope at different time points after administration. E) RelativemRNA expression of PGE2 in keratinocytes treated with different
concentrations (25, 50, 100 ng mL−1) of KEV or UVKEV (n = 3). F) Released PGE2 of keratinocytes after the treatment of distinct concentrations of KEV
or UVKEV (n = 3). G) Relative mRNA expression of IL-10 in keratinocytes treated with various concentrations of KEV or UVKEV (n = 3). Relative mRNA
expression of IL-10 (H) and CXCR4 (I) in mast cells treated with KEV or UVKEV (n = 3). J) Percentage of mast cells in the lymph nodes at different time
points (12, 24, 48 h) after subcutaneous injection of UVKEV (n = 3). K) Percentage of mast cells in the lymph nodes 24 h after subcutaneous injection of
KEV or UVKEV (n = 3). Quantification (L) and images (M) of toluidine blue staining of lymph nodes 24 h after subcutaneous injection of KEV or UVKEV
(n = 3). N) Relative mRNA expression of IL-10 in the lymph nodes of mice treated with PBS, KEV or UVKEV at different time points after administration
(n = 3). O) Immunohistochemistry results of IL-10 expression in the lymph nodes of mice treated with KEV or UVKEV (n = 4). Control group is the
cells or mice with no treatments. Data are presented as mean ± SD. Statistical analysis was performed using one-way or two-way ANOVA with multiple
comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. Systemic immuno-regulation effects of UVKEV. Representative flow cytometry plots (A) and quantification (B) of CD80+CD11c+ cells (%) in
the spleen of mice with high, medium or low dose of UVKEV (n = 3). Representative flow cytometry plots (C) and quantification (D) of CD86+CD11c+

cells (%) in the spleen of mice with high, medium or low dose of UVKEV (n = 3). Flow cytometry results of regulatory T cells in the spleen (E and F)
and blood (G and H) of mice with various treatments (PBS, low dose KEV or low dose UVKEV, every four days for totally three times) (n = 4). Data are
presented as mean ± SD. Statistical analysis was performed using one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001.
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mice in PBS and KEV group, mice treated with UVKEV displayed
a notably increased proportion of Tregs in both spleen and blood.
In general, UVKEV administration at a low dose was effective
in modulating the immune balance of mice, prompting DCs to
adopt a tolerogenic phenotypewithin an immunosuppressivemi-
croenvironment, which in turn facilitated the induction of Tregs.
The findings suggest that the in vitro stimulated UVKEV hold
promise as a natural therapeutic strategy capable of inducing in
vivo systemic immunosuppression, potentially offering a novel
approach for applications in the management of inflammatory
or autoimmune disorders.

2.3. Therapeutic Efficacy of UVKEV in Inflammatory Disorder

2.3.1. Mitigation of Inflammatory Bowel Disease (IBD) by UVKEV

Encouraged by the promising immunoregulation performance
proved, therapeutic efficacy of UVKEV was evaluated in IBD,
which was adopted as a prototypical autoimmune disorder.[35] As
illustrated in Figure 4A, the acute IBD mouse model was estab-
lished by feeding mice with 3% dextran sulfate sodium (DSS) for
a period of seven days.[14] In an effort tomitigate the acute inflam-
mation, the mice were pre-treated with PBS, KEV (5 μg mouse−1)
or UVKEV (5 μg mouse−1), starting eight days prior to the DSS
challenge. The treatment was administrated according to a prede-
termined schedule, consisting of a total of four times administra-
tions at three-day intervals. Disease activity index (DAI) wasmea-
sured from the first day of DSS challenge to assess the onset of
acute inflammation. The results indicated that themice receiving
KEV treatment exhibited no significant differences in DAI when
compared to the PBS control group. In contrast, the mice treated
with UVKEV demonstrated a reduction in DAI starting from day 5
post-DSS challenge, culminating in a notably lower DAI on day 9
as compared to the other treatment groups (Figure 4B,C). More-
over, the analysis of the day versus body weight curve also sug-
gested that the UVKEV treatment was effective in mitigating the
acute progression with controlling the body weight loss in mice
(Figure 4D). By day 9 post-DSS challenge, the body weight per-
centage of mice in UVKEV group was much higher compared to
both KEV and PBS groups (Figure 4E). To substantiate the im-
pact of UVKEV on intestinal tissue, colons from each treatment
group were excised to assess the length. The colon length of
the mice from UVKEV treatment group was substantially longer
than that from PBS and KEV treatment groups, while the mean
colon length is closely resembling to healthy mice averaged 6.44
± 0.36 and 6.8 ± 0.42 cm, respectively (Figure 4F,G). Addition-
ally, hematoxylin−eosin (H&E) staining was utilized to exam-
ine the histopathological changes of colons among various treat-
ment groups.[36] The images presented in Figure 5A reveal that,
comparing with healthy mice, the structural integrity of colons
in PBS group was thoroughly compromised, while less severe
damage in KEV-treated group and closely resembling integrity
in UVKEV-treated group. Nevertheless, a significant infiltration
of inflammatory cells was observed in the colon tissue of KEV-
treated group. Conversely, UVKEV proved to be effective in pre-
serving the integrity of the colonic epithelium and in diminish-
ing the infiltration of proinflammatory cells within the mucosa,
resembling the conditions observed in the normal group ofmice.

2.3.2. In Situ Preservation of Colon by UVKEV

To delve deeper into the mechanisms by which UVKEV shield
mice from DSS-induced IBD, extensive investigations were un-
dertaken on the protective capability of colon structure and anti-
inflammatory efficacy. The compromised structural integrity of
colons in IBD mouse model may originate from partial apop-
tosis of colonic epithelial cells caused by in-site reactive oxygen
species (ROS).[37] To assess disease-related apoptosis of colonic
cells, the colons from mice subjected to various treatments were
examined using the terminal deoxynucleotide transferase dUTP
Nick end labeling (TUNEL) assay. The immunofluorescence find-
ings demonstrated a marked reduction in the apoptosis level of
colonic epithelial cells in the UVKEV-treated mice when com-
pared to the PBS group (Figure 5B (up),C; Figure S7, Supporting
Information). This evidence confirmed that UVKEV possessed a
certain capacity for tissue repair. Furthermore, the marker pro-
tein of inflammation, myeloperoxidase (MPO),[38] was also as-
sessed. In PBS group, the proportion of MPO-positive cells in
colon tissues showed a significant increase, whereas the UVKEV
treatment significantly diminished MPO accumulation in colon
tissues (Figure 5B (middle),D; Figure S8, Supporting Informa-
tion). This observation further confirmed the anti-inflammatory
efficacy of UVKEV. Given that IBD typically involves the disrup-
tion of intestinal barrier function, the potential of UVKEV to re-
store the colonic epithelial cell-related intestinal barrier func-
tion was ultimately assessed. Zonula occludens-1 (ZO-1), a tight
junction-associated protein critical for intestinal homeostasis,[39]

was found to have its expression level restored to normal in IBD
mice following subcutaneous injection of UVKEV (Figure 5B (bot-
tom),E; Figure S9, Supporting Information). Furthermore, given
the critical role of mucin 2 (MUC2), the primary gel-forming
mucin in colonic tissue secreted by goblet cells, in maintaining
the intestinal mucus barrier, goblet cell distribution and mucin
content was further assessed using Alcian blue staining. Histo-
logical analysis revealed that DSS-induced colitis mice treated
with PBS or KEV showed both diminished mucin secretion and
reduced goblet cell numbers (Figure 5F). Conversely, UVKEV
treatment effectively preserved the mucus layer integrity, with
significantly fewer mucin-depleted foci observed. These find-
ings were further corroborated by immunofluorescence analy-
sis, which confirmed higher MUC2 expression in the UVKEV
group compared to PBS- or KEV-treated groups (Figure 5G,H;
Figure S10, Supporting Information). Besides, the intestinal in-
tegrity was also evaluated by administering fluorescein isothio-
cyanate (FITC)-dextran via oral gavage to mice subjected to dif-
ferent treatments. The results in Figure 5I indicate that DSS-
induced mice treated with PBS or KEV exhibited significant in-
testinal barrier disruption, as evidenced bymarkedly elevated flu-
orescence intensity in plasma due to FITC-dextran leakage into
the bloodstream. In contrast, UVKEV-treated mice demonstrated
substantially reduced FITC-dextran permeability, with fluores-
cence levels comparable to those observed in healthy controls.
Collectively, these results demonstrated that UVKEV treatment
mitigated inflammation and protected intestinal barrier func-
tion by enhancing mucin secretion to maintain the mucus bar-
rier, and preserving epithelial integrity to preventmacromolecule
leakage.
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Figure 4. In vivo treatment efficiency of UVKEV. A) Schematic illustration of the experimental timeline. PBS, KEV and UVKEV were administrated subcu-
taneously every four days for totally four times. The drinking water consisted of 3% dextran sulfate sodium (DSS) was given from day 0 to 7, and the
mice were sacrificed on day 9 for flow cytometry and immunohistochemistry tests. B) Daily changes in disease activity index (DAI) of mice with various
treatments over 9 days. C) Average DAI of mice with different treatments on day 9 following DSS administration. D) The percentage of body weight
change versus time curve of mice in various therapeutic groups. E) Average body weight change percentage of mice with different treatments on day
9 after DSS administration. Image of colon tissues (F) and quantified colon lengths (G) in different groups after the treatment. Data are presented as
mean ± SD (n = 5). Statistical analysis was performed using one-way or two-way ANOVA with multiple comparisons. **P < 0.01, ****P < 0.0001.

2.3.3. Systemic Immunoregulation Effects of UVKEV in IBD

Systemic immunoregulatory capacity of UVKEV in IBD treat-
ment was further evaluated. Immunofluorescence analysis of
pro-inflammatory cytokines was performed at first on colon tis-
sues from normal mice and IBD mice treated with PBS, KEV, or
UVKEV. As shown in Figure 6A, the levels of interleukin-1𝛽 (IL-
1𝛽), IL-6, and tumor necrosis factor-𝛼 (TNF-𝛼) were markedly el-
evated in the PBS-treated group but significantly reduced follow-

ing UVKEV treatment. Moreover, analysis of the Treg cell-specific
transcription factor Foxp3 revealed a substantial increase in the
colon of mice with UVKEV treatment (Figure 6B,C; Figure S11,
Supporting Information), whereas Foxp3 expression was negli-
gible in both PBS- and KEV-treated groups. These findings sug-
gested that UVKEV promoted an immunosuppressive microenvi-
ronment in the colon. Given the critical role of DCs in immune
modulation and Treg induction, DC phenotypes in the spleen
across treatment groups was further examined. The results in-
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Figure 5. Immunohistochemistry results of colon tissue with various treatments. A) Representative hematoxylin-eosin (H&E) staining images of colon
tissues inmice after various treatments. Immunofluorescence images (B) and relative quantification of TUNEL (C), MPO (D), and ZO-1 (E) expression in
the colon of mice with various treatments (n = 3). F) Representative Alcian blue staining images of colon with various treatments (n = 4). Representative
immunofluorescence staining images (G) and quantification (H) of MUC2 in colon tissue after different treatments (n = 4). I) Intestinal permeability
assessed by fluorescein isothiocyanate (FITC)-dextran test (n = 4). Data are presented as mean ± SD. Statistical analysis was performed using one-way
ANOVA with multiple comparisons. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6. Systemic immuno-regulation ability of UVKEV in IBD mice. A) Representative immunofluorescence images of inflammatory cytokines (IL-
1𝛽, IL-6, and TNF-𝛼) expression in the colon of mice after various treatments (n = 3). Representative immunofluorescence images (B) and relative
quantification (C) of FOXP3 expression in the colon of mice with various treatments (n = 3). Flow cytometry analysis of dendritic cells (D and F) and
regulatory T cells (E and G) in single cell suspension of the spleen harvested from the mice after different therapies (n = 5). Concentrations of pro-
inflammatory cytokines (IL-1𝛽 (H), IL-6 (I), and TNF-𝛼 (J)) in the serum of mice after different treatments (n = 5). Data are presented as mean ± SD.
Statistical analysis was performed using one-way ANOVA with multiple comparisons. *P < 0.05, **P <0.01, ****P < 0.0001.

Adv. Sci. 2025, e01517 e01517 (11 of 16) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202501517, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

dicated the proportion of CD80+CD86+ cells, identified within
the CD11c+ cell population, was markedly reduced in the UVKEV
treatment group compared to the PBS group, confirming the sup-
pression of DC maturation by UVKEV (Figure 6D,F). Meanwhile,
the frequency of Treg cells (CD25+Foxp3+ cells within the CD4+

cell population) in the spleen was also quantified after the dif-
ferent treatments. As anticipated, the frequency of Treg cells in
the UVKEV group was elevated compared to that in the PBS and
KEV groups (Figure 6E,G). These findings collectively substan-
tiated that UVKEV can effectively modulate immune dysregula-
tion and suppress inflammation. Finally, serum levels of pro-
inflammatory cytokines were detected, resulting in IL-1𝛽, IL-6,
and TNF-𝛼 markedly increased in the IBD mice administrated
with PBS (Figure 6H–J). Following treatment with UVKEV, there
was a pronounced decrease in the serum levels of these inflam-
matory cytokines. All these results confirmed that UVKEV could
not only ameliorate the inflammation in the colons, but also ex-
erted the systemic immunoregulatory effect. Furthermore, exam-
ination of the primary organs in mice following various treat-
ments revealed no apparent signs of toxicity, proving the safety
profile of UVKEV (Figure S12, Supporting Information). The sat-
isfactory results in IBD mouse models extensively endowed in
vitro stimulated UVKEV with immune landscape reshaping abil-
ity, which may offer a potential novel approach for clinical appli-
cations in other inflammatory disorders.

2.3.4. Therapeutic Effects of UVKEV in Imiquimod-Induced Psoriasis

Based on the therapeutic effects of UVKEV in IBD mouse mod-
els, we further selected psoriasis as another inflammatory disease
model to validate UVKEV ’s efficacy in other inflammatory condi-
tions. As shown in Figure 7A, UVKEV treatment group demon-
strated significant differences in erythema, skin thickness, and
PASI scores compared to both PBS and KEV treatment groups.
Representative dorsal images of mice from different treatment
groups (Figure 7B) also showed that UVKEV could partially im-
prove skin lesions onmouse backs. Following treatment comple-
tion, H&E staining was performed on dorsal skin samples from
different groups (Figure 7C,up). TheH&E results revealed signif-
icantly increased epidermal thickness at lesion sites in PBS and
KEV groups compared to normal controls, while UVKEV treat-
ment markedly reduced epidermal thickness (Figure 7D). Fur-
thermore, Ki67 immunohistochemical staining was employed to
assess cellular proliferation levels in lesional tissues. Figure 7C
(bottom),E demonstrates that imiquimod (IMQ) exposure in-
duced elevated Ki67 expression, an effect that KEV failed to ef-
fectively mitigate but was significantly suppressed by UVKEV.
These findings confirmed UVKEV’s inhibitory effect on IMQ-
induced skin cell proliferation and epidermal hyperplasia. Addi-
tionally, splenomegaly represents a common feature in both pso-
riasis patients and IMQ-induced mouse models, closely associ-
ated with abnormal immune activation. Therefore, we evaluated
splenic indices and the proportions of mature DCs and Tregs in
spleens across treatment groups to assess UVKEV’s systemic im-
munomodulatory effects. Results in Figure 7F show significantly
reduced splenic indices in UVKEV-treated mice compared to PBS
and KEV groups. Flow cytometric analysis further revealed that
UVKEV treatment decreased the percentage of mature DCs while

increasing Treg proportions in spleens (Figure 7G–I). These re-
sults collectively demonstrated that subcutaneous UVKEV admin-
istration not only ameliorated local psoriatic lesions in IMQ-
induced mouse models but also suppressed systemic immune
activation. Moreover, H&E staining in major organs (heart, liver,
lung, and kidney) also confirmed that both KEV and UVKEV had
good biocompatibility in psoriasis treatment (Figure S13, Sup-
porting Information).

3. Conclusion

In summary, this study elucidates the immunomodulatory prop-
erties of in vitro stimulated UVKEV and their potential applica-
tion in the treatment of inflammatory disorders, such as inflam-
matory bowel disease and IMQ-induced psoriasis. The findings
demonstrate that UVKEV, rich in PAF, can effectively modulate
the immune response by promoting the migration of mast cells
and the differentiation of regulatory T cells, thus inducing sys-
temic immune tolerance. This novel therapeutic approach offers
a targeted and natural mechanism for immune system modula-
tion, bypassing the harmful effects of direct UV radiation. The
study’s results underscore the transformative potential of har-
nessing the carcinogenic effects of UV radiation for beneficial
immunoregulation, opening new avenues for the development
of immunotherapies with promising clinical applications in the
management of inflammatory and autoimmune conditions.

4. Experimental Section
Materials: Chlorpromazine (CPZ), methyl-𝛽-cyclodextrin (M-𝛽-CD),

genistein, and EIPA were purchased from Sigma–Aldrich. Dextran sul-
phate sodium, reverse transcription kit and Hieff UNICON universal
blue qPCR SYBR green master mix were obtained from Yeasen Company.
RNAeasy animal RNA isolation kit was obtained from Beyotime Biotech-
nology. ELISA kits and antibodies applied for flow cytometry, western blot-
ting, immunofluorescence, and immunohistochemistry were specified in
the methods.

Cell Line and Animals: PAM212 cells (a cell line of murine ker-
atinocyte) were purchased from Tongpai Biotechnology Co., Ltd (Shang-
hai, China) and cultured in high glucose Dulbecco’s modified eagle’s
medium (DMEM, Gibco, China) supplemented with 10% fetal bovine
serum (FBS, Wisent, China) and 1% penicillin/streptomycin at 37 °C with
5% CO2 atmosphere.

C57BL/6 (female, 6–8-week-old) and BALB/c mice (male, 6–8-week-
old) were obtained from Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China) and kept under specific pathogen-free condi-
tions throughout the experiment. All animal experiments were conducted
according to the standards for animal experiments of Guangzhou Med-
ical University and were approved by the Animal Ethics Committee of
Guangzhou Medical University (Approval number: SYXK(Y)2018-0912).

Preparation of Extracellular Vesicles from UV-Irradiated Keratinocytes
(UVKEV): Murine keratinocytes were cultured according to the aforemen-
tioned methods. When the cells reached about 80% confluence, they were
seeded in 100 mm cell culture dishes with 5 × 106 cells dish−1 and cul-
tured for 12 h. Then, the cells were gently washed with PBS and the
mediumof cells was replaced by fresh serum-freemedia (DMEM, 1%peni-
cillin/streptomycin solution). To acquire UVKEV, keratinocytes were irradi-
ated by UV lamp for 2 min under the light irradiance of 3 mW cm−2 and
kept culturing for another 24 h. For the acquisition of KEV, keratinocytes
were directly cultured in serum-free media for 24 h without irradiation.
Next, the culture medium was collected for UVKEV and KEV isolation 24 h
after medium replacement. In specific, residual cells and debris were re-
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Figure 7. In vivo therapeutic efficiency of UVKEV in imiquimod-induced psoriasis. A) Erythema, thickness, scale, and total PASI scores of mice after vari-
ous treatments. B) Representative back images of mice after various treatments. C) Representative H&E staining (up) and Ki67 immunohistochemistry
(bottom) images of skins in mice after distinct treatments. Epidermal thickness (D) and Ki67 positive cell numbers (E) of skin in mice after different
treatments. F) The ratio of spleen to body weight in mice with various therapies. Representative flow cytometry results (G) and percentage (H) of CD80+

dendritic cells in single cell suspension of the spleen harvested from mice after different therapies. I) The percentage of regulatory T cells in splenocytes
harvested from mice with different treatments. Data are presented as mean ± SD (n = 4). Statistical analysis was performed using one-way or two-way
ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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moved at first by centrifuging at 2000 g for 15 min at 4 °C. Then, the su-
pernatant was further centrifuged at 20 000 g for 90 min at 4 °C to collect
UVKEV or KEV. Finally, UVKEV and KEVwere resuspended in PBS and stored
at −80 °C for further application. The protein content of UVKEV and KEV
was determined by a BCA protein assay kit (Thermo Fisher Scientific Inc.,
USA) according to the manufacturer’s protocol.

Characterizations of UVKEV: The morphology of UVKEV and KEV was
examined by transmission electron microscope (TEM, Ht-7700, Hitachi)
and the hydrodynamic diameter and polydispersity index (PDI) were char-
acterized by Zetasizer (Nano ZS90, Malvern, UK). The concentrations,
size, and zeta-potential of UVKEV were also determined by nanoparticle
tracking analysis (NTA) with a NanoSight NS300 instrument (Malvern
Panalytical), in which samples of UVKEV were diluted with PBS before
recording and analyzing the videos with NTA software, version 3.0. To
verify the expression of specific markers of extracellular vesicles, protein
lysates were prepared using cell lysis buffer supplemented with protease
inhibitor cocktail and electrophoresed through sodium dodecyl sulfate–
polyacrylamide gel and transferred onto nitrocellulose membranes. The
membranes were blocked with 5% nonfat milk for 1 h at room tempera-
ture and incubated with primary antibody against Alix (Abcam, ab186429),
TSG101 (Abcam, ab133586), Calnexin (Abcam, ab227310), IL-10 (Ab-
cam, ab310329) and GAPDH (Abcam, ab8245) at 4 °C overnight. Subse-
quently, membranes were washed and incubated with secondary antibody
horseradish-peroxidase-conjugated anti-goat or anti-rabbit IgG (Abcam,
USA) for 1 h at room temperature. Finally, the protein blots were visualized
using an enhanced chemiluminescence kit and imaged with a ChemiDoc
Imaging System (Bio-Rad, Hercules, CA, USA).

Cellular Uptake Assay: Cellular uptake behavior of keratinocytes was
evaluated by both confocal imaging and flow cytometry analysis. Ker-
atinocytes were first seeded into the confocal dish or 24-well plate and
allowed to adhere overnight. UVKEV and KEV were labeled with DID (10
μm) by incubation at 37 °C for 20 min. Free dye was further removed by
ultrafiltration at 4500 g for 5 min. Then, DID-labeled UVKEV and KEV were
incubated with keratinocytes at 37 °C for 2 h and 4 h, respectively. After
incubation, keratinocytes were washed to remove the free UVKEV or KEV.
For confocal microscopy imaging (LSM900, ZEISS), cells in the confocal
dish were fixed with 4% paraformaldehyde, and the nuclear of cells were
stained by 4′,6-diamidino-2-phenylindole (DAPI). For flow cytometry, cells
in the plate were harvested directly for analysis.

Endocytosis Inhibition Assay: Endocytosis inhibition experiments were
performed on keratinocytes to investigate the UVKEV uptake mechanism.
Keratinocytes were cultured in the 24-well plate and pre-incubated with
different endocytosis inhibitors including 10 μm chlorpromazine (CPZ),
10 mmmethyl-𝛽-cyclodextrin (M-𝛽-CD), 200 μm genistein and 50 μm EIPA
for 0.5 h at 37 °C. Then, cells were washed to remove the free inhibitors,
and DID-labeled UVKEV were added to incubate for another 4 h. After that,
keratinocytes were harvested and washed again with PBS. The uptake per-
centage of UVKEV was analyzed by flow cytometry.

Evaluation of the Effects of UVKEV on Keratinocytes and Mast Cells: To
examine the PGE2 and IL-10 generation ability of

UVKEV in keratinocytes,
various concentrations (0, 25, 50, and 100 ng mL−1) of UVKEV and KEV
were co-incubated with keratinocytes for 24 h. After co-culture, total RNA
was isolated from keratinocytes using RNAeasy Animal RNA Isolation Kit
(Beyotime, R0026), and the purified RNA amount was measured by Nan-
oDrop Lite Spectrophotometer (Thermo Fisher Scientific, USA). Then, to-
tal of 500 ng RNA was converted into cDNA by Reverse Transcription
Kit (Yeasen, 11141ES60). mRNA levels of PGE2 and IL-10 were quanti-
fied by using Hieff UNICONUniversal Blue qPCR SYBR Green Master Mix
(Yeasen, 11184ES08). Gapdh was used as the housekeeping gene. The for-
ward and reverse primers used for qRT-PCR were listed in Table 1. Mean-
while, ELISA was further used to define PGE2 concentration in the purified
supernatant of keratinocytes through 2000 g centrifugation for 15 min at
4 °C. To evaluate the effects of UVKEV on mast cells, mast cells were co-
cultured with either KEV or UVKEV for 24 h andmeasured the mRNA levels
of IL-10 and CXCR4 using qRT-PCR, as mentioned above.

In Vivo Migration Ability of Mast Cells: C57BL/6 mice were adminis-
trated subcutaneously with UVKEV (100 ng mL−1) and euthanized at dif-
ferent time points (12, 24, and 48 h) after administration to acquire the in-

Table 1. Forward and reverse primers of IL-10, PGE2 and CXCR4.

IL-10 Forward primer ATGCTGCCTGCTCTTACTGACTG

Reverse primer CCCAAGTAACCCTTAAAGTCCTGC

PGE2 Forward primer GGATGCGCTGAAACGTGGA

Reverse primer CAGGAATGAGTACACGAAGCC

CXCR4 Forward primer
Reverse primer

TTACCCCGATAGCCTGTGGA
CAGGAGAGGATGACGATGCC

guinal lymph nodes (LNs). The percentage of mast cells (CD117+ Fc𝜖RI𝛼+

cells) at various time points were next analyzed by flow cytometry. To fur-
ther confirm the effect of UVKEV on the migration of mast cells to lymph
nodes, UVKEV and KEV (100 ng mL−1) were injected subcutaneously to
mice individually. Twenty-four hours post-injection, the percentage ofmast
cells in the lymph nodes were tested by flow cytometry and mast cell den-
sity in lymph nodes was determined by toluidine blue staining. Addition-
ally, lymph nodes were also collected at 12, 24, and 48 h post-injection of
KEV or UVKEV for qRT-PCR analysis of IL-10 mRNA expression dynamics.
Meanwhile, immunohistochemical analysis was conducted on fixed lymph
node samples obtained 24 h after treatment to evaluate IL-10 protein lo-
calization and expression levels.

Immunoregulation Ability of UVKEV in the Peripheral: To ascertain the
suitable dosage of UVKEV, immunoregulation ability of UVKEV on den-
dritic cells in the spleen was evaluated by the percentage of CD80 and
CD86 expression. Seven days after subcutaneous administration of UVKEV
with various dosages (5, 20, and 50 μg), spleen cell suspension was col-
lected for flow cytometry. Red blood cells in the suspension were lysed
by lysis buffer and washed with PBS. Then, the cells were stained with
relevant cocktail of fluorescence-conjugated antibodies (APC-CD11c, Bi-
oLegend,117 309; PE-CD86, BioLegend, 159 203; FITC-CD80, BioLegend,
104 705) at 4 °C for 30 min and washed twice with PBS before analyz-
ing by flow cytometer (Beckman Cytoflex). Maturation of dendritic cells
was identified by CD80+ and CD86+ cells gated on CD11c+ cells. Next, to
verify the tolerogenic ability of UVKEV, the percentage of Treg cells in the
spleen and blood of mice was tested after three times administrations of
PBS, UVKEV or KEV (every four days). For surface marker staining (FITC-
CD4, BioLegend, 100 509; APC-CD25, BioLegend, 102 011), cells were
incubated with the respective antibodies at 4 °C for 30 min. For FOXP3
nuclear staining, surface-stained cells were further processed using the
Foxp3/transcription factor buffer set and stained with antibody specific to
FOXP3 (PE-FOXP3, Biolegend, 126 404). Flow cytometry was performed
following final washes. The ratio of Tregs was tested by CD25+FOXP3+

cells gated on CD4+ cells. All samples were analyzed with FlowJo software
after being measured by flow cytometry.

Establishment and Therapeutic Experiment of Inflammatory Bowel Disease
(IBD): The mouse model of acute colitis was induced by adding DSS
(MW: 36 000–50 000 Da, Yeasen, 60316ES25) to the drinking water. In de-
tail, after 8 days of acclimation, female C57BL/6 mice were given 3% DSS
(w/v) in their drinking water, starting from day 0, for 7 continuous days.
The DSS solution was replaced with a fresh solution every other day. On
day 7, DSS-containing drinking water was replaced with regular drinking
water for another 2 days. For therapeutic experiment, 20 female C57BL/6
mice were randomly divided into four groups (n = 5 per group). IBD was
induced in three experimental groups by adding 3%DSS (w/v) to the drink-
ing water of mice andmice in the control group was given regular drinking
water during the entire study process. The three experimental groups were
administrated subcutaneously with PBS, KEV (5 μg protein mouse−1), or
UVKEV (5 μg protein mouse−1) every four days for a total of four times.
The normal mouse group received an equal volume of PBS. During the
entire study, the disease activity index (DAI), a standard for disease evalu-
ation including three symptoms (body weight loss, stool consistency, and
rectal bleeding) was calculated daily.[40] At the end of the treatment pe-
riod (day 9), all mice were euthanized, and the colon lengths were mea-
sured. Besides, colon tissues of mice with various treatments were also
fixed for H&E, Alcian blue and immunofluorescence staining, and the ma-
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jor organs including heart, liver, spleen, lung, and kidney were harvested
and fixed for histological analysis. Meanwhile, the ratio of mature dendritic
cells and Tregs in the spleen ofmice after treatments were also analyzed by
flow cytometry according to the aforementioned methods. To evaluate the
concentrations of pro-inflammatory cytokines including TNF-𝛼 (Dakewe,
1 217 202), IL-1𝛽 (Dakewe, 1 210 122) and IL-6 (Dakewe, 1 210 602) af-
ter various treatments, serum was harvested and stored immediately at
− 80 °C for ELISA testing according to the manufacturer’s manual.

FITC-Dextran: On the final day of the therapeutic experiment, mice
from each treatment group were orally administered FITC-dextran
(0.6mg g−1, Sigma–Aldrich, 46 944). Four hours later, blood samples were
collected, and plasma was isolated by centrifugation at 2000 g for 10 min.
Fluorescence intensity was measured using a microplate reader (BioTek
Synergy H1, USA) with an excitation wavelength of 485 nm and an emis-
sion wavelength of 530 nm. Gut permeability was quantified as fluores-
cence intensity units, with normal mice serving as the negative control
group.

Establishment and Therapeutic Experiment of IMQ-Induced Psoriasis:
The IMQ-induced psoriasis mouse model was established by daily topi-
cal application of 5% imiquimod cream (Xin Ming, China) on the shaved
dorsal skin. For therapeutic evaluation, 16 male BALB/c mice were ran-
domly allocated into four groups (n = 4): one normal control group
treated with petrolatum, and three experimental groups receiving 5% im-
iquimod cream for six consecutive days. The experimental groups were
additionally administered subcutaneous injections of PBS, KEV (5 μg pro-
teinmouse−1), or UVKEV (5 μg protein mouse−1) at three time points: four
days before IMQ application, day 0, and day 4 after IMQ application. Pso-
riasis severity was assessed daily using the PASI scoring system (0–12)
evaluating erythema, thickness, and scaling. On day 6, spleen and body
weights were measured to calculate spleen index, while skin and major
organs (heart, liver, lung, kidney) were collected for H&E and immunohis-
tochemical analysis. Splenic immune cell populations, including mature
dendritic cells and Tregs, were quantified by flow cytometry.

Histopathology Assay: The histopathology analysis for evaluating
colon and skin damage was performed according to standard procedures
for paraffin embedding and H&E staining. Briefly, the colonic and skin tis-
sues were fixed in 4% paraformaldehyde solution, embedded in paraffin,
sectioned, and stained with H&E. The resulting slides were scanned us-
ing the Leica microscope. Meanwhile, major organs of mice in each treat-
ment group were also acquired for H&E staining. Furthermore, goblet cell
depletion, mucin-depleted foci, and epithelial integrity were assessed us-
ing Alcian blue staining. For immunohistochemistry, antigen retrieval was
performed by heat-induced epitope recovery in sodium citrate buffer (pH
6.0). Skin tissue sections were then treated with 3% hydrogen peroxide
to quench endogenous peroxidase activity, followed by blocking with 3%
bovine serum albumin (BSA) for 30 min at room temperature to mini-
mize nonspecific binding. Then, skin sections were incubated overnight at
4 °Cwith a primary anti-Ki67 antibody (Abcam, ab15580), followed by incu-
bation with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies. Chromogenic detection was performed using 3,3′-diaminobenzidine
(DAB), followed by hematoxylin counterstaining. Finally, slides were im-
aged using a Leica light microscope for evaluation.

Immunofluorescence Assays: After deparaffinization, the colon sec-
tions were rehydrated and incubated in citrate buffer (Zhongshan Jinqiao
Biotechnology Co., Ltd., Beijing, China) for heat-induced antigen retrieval.
After washing with PBS, the sections were incubated with 3% bovine
serum albumin (BSA) (Zhongshan Jinqiao Biotechnology Co., Ltd., Bei-
jing, China) for 30 min to block nonspecific binding sites. The sections
were then incubated with the ZO-1 (Invitrogen, 61–7300), MPO (Abcam,
ab208670), MUC2 (Invitrogen, PA5-21329), TNF-𝛼 (Abcam, ab74037),
IL-1𝛽 (Abcam, ab315084), IL-6 (Abcam, ab290735) or POXP3 (Abcam,
ab75763) primary antibodies at 4 °C overnight. Next day, the sections were
incubated with relative fluorescence secondary antibodies for 30 min at
37 °C. Additionally, TUNEL staining was also performed using the In Situ
TUNEL Detection Kits (Yeasen, 40307ES20), according to the manufac-
turer’s manual. Images were viewed using a Confocal microscope (Zeiss).

Statistical Analysis: All statistical calculations were performed by
GraphPad Prism 8.0 software and shown as mean ± SD. One-way or two-

way ANOVA was conducted for statistical significance with the value of *P
< 0.05, **P < 0.01, ***P < 0.001 and ****P< 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
L.L., D.Y., and J.J. contributed equally to this work. This work was partially
supported by grants from Li Ka Shing Faculty of Medicine (Start-up Fund)
of The University of Hong Kong, the National Key Research and Develop-
ment Program of China (2024YFA1212500), the National Natural Science
Foundation of China (U23A20489, 82372128), and the Natural Science
Foundation Distinguished Young Scholars grant of Guangdong Province
(2023B1515020071).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
extracellular vesicle, immunoregulatory nanomedicine, inflammatory
bowel disease, tolerogenic immunotherapy

Received: January 23, 2025
Revised: May 26, 2025

Published online:

[1] J. J. Bernard, R. L. Gallo, J. Krutmann, Nat. Rev. Immunol. 2019, 19,
688.

[2] E. Dupont, L. Craciun, Immunotherapy 2009, 1, 205.
[3] P. A. Vieyra-Garcia, P. Wolf, Pharmacol. & Ther 2021, 222, 107784
[4] A. Bruhs, T. Schwarz, Inflammation: Methods and Prot. 2017, 1559,

63.
[5] P. H. Hart, S. Gorman, J. J. Finlay-Jones,Nat. Rev. Immunol. 2011, 11,

584.
[6] E. Damiani, S. E. Ullrich, Progress in Lip. Res. 2016, 63, 14.
[7] R. M. Slominski, J. Y. Chen, C. Raman, A. T. Slominski, Proc. Natl.

Acad. Sci., U. S. A. 2024, 121, 2308374121.
[8] I. Halova, L. Draberova, P. Draber, Frontiers in Immunol. 2012, 3, 119.
[9] B. C. Tse, S. N. Byrne, Photochem. Photobiol. Sci. 2020, 19, 870.
[10] P. H. Hart, M. A. Grimbaldeston, G. J. Swift, E. K. Hosszu, J. J. Finlay-

Jones, Photochem. Photobiol. 1999, 70, 807.
[11] I. K. Herrmann,M. J. A. Wood, G. Fuhrmann,Nat. Nanotechnol. 2021,

16, 748.
[12] L. Liu, Y. Zhang, C. Mao, H. Chen, Y. Zhang, J. Wang, C. Fu, X. Lan,

W. Wang, X.-J. Liang, Nano Today 2022, 47, 101640.
[13] M. A. Kumar, S. K. Baba, H. Q. Sadida, S. A.Marzooqi, J. Jerobin, F. H.

Altemani, N. Algehainy, M. A. Alanazi, A.-B. Abou-Samra, R. Kumar,
Signal Transduction Targeted Ther. 2024, 9, 27.

Adv. Sci. 2025, e01517 e01517 (15 of 16) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202501517, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[14] E. I. Buzas, B. György, G. Nagy, A. Falus, S. Gay,Nat. Rev. Rheumatol.
2014, 10, 356.

[15] S. Li, W. Li, X. Wu, B. Zhang, L. Liu, L. Yin, J. Controlled Release 2024,
368, 533.

[16] H. Liu, J. Sun, M. Wang, S. Wang, J. Su, C. Xu, Chem. Eng. J. 2023,
465, 142842.

[17] L. Liu, A. A. Awoyemi, K. E. Fahy, P. Thapa, C. Borchers, B. Y. Wu, C.
L. McGlone, B. Schmeusser, Z. Sattouf, C. A. Rohan, A. R. Williams,
E. E. Cates, C. Knisely, L. E. Kelly, J. C. Bihl, D. R. Cool, R. P. Sahu, J.
Wang, Y. Chen, C. M. Rapp, M. G. Kemp, R. M. Johnson, J. B. Travers,
J. Clin. Invest. 2021, 131, e144963.

[18] X. Jiang, Z. Jiang, S. Huang, P. Mao, L. Zhang, M. Wang, J. Ye, L. Sun,
M. Sun, R. Lu, J. Controlled Release 2023, 362, 468.

[19] E. I. Buzas, Nat. Rev. Immunol. 2023, 23, 236.
[20] I. B. McInnes, E. M. Gravallese, Nat. Rev. Immunol. 2021, 21, 680.
[21] P. A. Vieyra-Garcia, P. Wolf, Frontiers in Med. 2018, 5, 232.
[22] S. Ruan, N. Erwin, M. He, J. Extracell. Ves. 2022, 11, 12194.
[23] P. H. Hart, M. Norval, S. N. Byrne, L. E. Rhodes, Annu. Rev. Pathol.

2019, 14, 55,.
[24] R. Crescitelli, C. Lässer, J. Lötvall, Nat. Protoc. 2021, 16, 1548.
[25] E. Bonsergent, E. Grisard, J. Buchrieser, O. Schwartz, C. Théry, G.

Lavieu, Nat. Commun. 2021, 12, 1864.
[26] G. Van Niel, G. d’Angelo, G. Raposo, Nat. Rev. Mol. Cell Biol. 2018,

19, 213.

[27] T. Y. Kim, M. L. Kripke, S. E. Ullrich, J. Invest. Dermatol. 1990, 94, 26,.
[28] Y. Yoshioka, T. Kitakaze, T. Mitani, T. Furuyashiki, H. Ashida, J. Clin.

Biochem. Nutri. 2020, 67, 36.
[29] E. Damiani, N. Puebla-Osorio, E. Gorbea, S. E. Ullrich, J. Invest. Der-

matol. 2015, 135, 3034.
[30] R. Chacon-Salinas, L. Chen, A. D. Chavez-Blanco, A. Y. Limon-Flores,

Y. Ma, S. E. Ullrich, J. Leukoc. Biol. 2014, 95, 139.
[31] Y.-J. Liu, Cell 2001, 106, 259.
[32] H. Hackstein, A. W. Thomson, Nat. Rev. Immunol. 2004, 4, 24.
[33] S. K. Wculek, F. J. Cueto, A. M. Mujal, I. Melero, M. F. Krummel, D.

Sancho, Nat. Rev. Immunol. 2020, 20, 7.
[34] A. Cifuentes-Rius, A. Desai, D. Yuen, A. P. Johnston, N. H. Voelcker,

Nat. Nanotechnol. 2021, 16, 37.
[35] D. B. Graham, R. J. Xavier, Nature 2020, 578, 527.
[36] C. H. Chung, W. Jung, H. Keum, T. W. Kim, S. Jon, ACS Nano 2020,

14, 6887.
[37] J. Liu, Y. Wang, W. J. Heelan, Y. Chen, Z. Li, Q. Hu, Sci. Adv. 2022, 8,

abp8798.
[38] J. Ouyang, B. Deng, B. Zou, Y. Li, Q. Bu, Y. Tian, M. Chen, W. Chen,

N. Kong, T. Chen, J. Am. Chem. Soc. 2023, 145, 12193.
[39] W.-T. Kuo, L. Zuo,M. A. Odenwald, S.Madha, G. Singh, C. B. Gurniak,

C. Abraham, J. R. Turner, Gastroenterology 2021, 161, 1924.
[40] Y. Zhang, L. Liu, T. Wang, C. Mao, P. Shan, C. S. Lau, Z. Li, W. Guo,

W. Wang, Adv. Healthcare Mater. 2023, 12, 2301394.

Adv. Sci. 2025, e01517 e01517 (16 of 16) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202501517, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

