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MSC nanovesicles targeting dendritic cells
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Abstract

Allergic rhinitis (AR) is a condition with limited treatment options. This study investigates the potential use of mesen-
chymal stem cell (MSC) nanovesicles as a novel therapy for AR. Specifically, the study explores the underlying mecha-
nisms of MSC nanovesicle therapy by targeting dendritic cells (DCs). The researchers fabricated DC-targeted P-D2-EVs
nanovesicles and characterized their properties. Transcriptomic sequencing and single-cell sequencing analyses were
performed to study the impact of P-D2-EVs on AR mice, identifying core genes involved in the treatment. In vitro

cell experiments were conducted to validate the effects of P-D2-EVs on DC metabolism, Th2 differentiation, and ILC2
activation. The results showed that P-D2-EVs efficiently targeted DCs. Transcriptomic sequencing analysis revealed
differential expression of 948 genes in nasal tissue DCs of mice treated with P-D2-EVs. Single-cell sequencing further
revealed that P-D2-EVs had inhibitory effects on DC activation, Th2 differentiation, and ILC2 activation, with Fut]
identified as the core gene. Validation experiments demonstrated that P-D2-EVs improved IL10 metabolism in DCs
by downregulating Fut1 expression, thereby suppressing Th2 differentiation and ILC2 activation. Animal experiments
confirmed the inhibitory effects of P-D2-EVs and their ability to ameliorate AR symptoms in mice. The study suggests

that P-D2-EVs reshape DC metabolism and suppress Th2 differentiation and ILC2 activation through the inhibition
of the Fut1/ICAM1/P38 MAPK signaling pathway, providing a potential therapeutic approach for AR.
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Introduction

Allergic rhinitis (AR) is a common immune-mediated
disease characterized by inflammation and allergic reac-
tions in the nasal mucosa, which significantly affects the
quality of life and work efficiency of affected individu-
als [1-3]. Previous studies have shown that the occur-
rence and development of AR involve the activation and
interaction of various immune cells [4, 5]. However, the
existing therapeutic methods are not completely effec-
tive, thus highlighting the importance of identifying a
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new treatment strategy to improve the quality of life for
patients [6-8].

Mesenchymal stem cells (MSCs), as a multifunctional
cell type, hold great research value [9-11]. In recent
years, it has been discovered that nanovesicles released
by MSCs have therapeutic potential [12—14]. These nan-
ovesicles contain a range of bioactive molecules that can
regulate immune responses through interactions with
other immune cells [15]. Therefore, nanovesicles could be
a novel therapeutic strategy for the treatment of AR.

This study aimed to explore the possible mechanism
of action of a novel MSCs nanovesicle, P-D2-EVs, in the
treatment of AR by modulating the crosstalk between
DCs, Th2, and ILC2 cells. By characterizing and analyz-
ing P-D2-EVs in vitro and in vivo, we investigated the
differential changes in DCs, Th2, and ILC2 in the nasal
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tissues of AR mice before and after P-D2-EVs treat-
ment. To study the potential of P-D2-EVs in AR therapy,
we employed transcriptome sequencing and single-cell
sequencing techniques [16—19]. Through bioinformatics
analysis, we identified differentially expressed genes and
verified their regulatory roles in AR development.

After P-D2-EVs treatment, we observed correspond-
ing changes in the expression characteristics of DCs, Th2,
and ILC2 in the nasal tissues of AR mice. Transcriptome
sequencing and single-cell sequencing analyses revealed
differential expression of key genes, including the impor-
tant regulatory role of the Futl gene in AR treatment.
Subsequent in vitro experiments validated the impact of
P-D2-EVs on DC metabolism, Th2 differentiation, and
ILC2 activation. Furthermore, in vivo animal experi-
ments confirmed the therapeutic effects of P-D2-EVs,
which reshaped DCs metabolism and inhibited Th2 dif-
ferentiation and ILC2 activation by suppressing the Futl/
ICAM1/P38 MAPK signaling pathway, thus improving
AR in mice.

This study not only contributes to a better understand-
ing of the pathogenesis of AR but also provides novel
strategies for its treatment by exploring the therapeutic
potential of the new MSCs nanovesicle. Additionally,
the application of nanovesicles as a drug delivery system
holds significant clinical implications in enhancing drug
targeting and efficacy. The results of this study can fur-
ther refine the approach to AR treatment and contribute
to improving the quality of life for patients.

Materials and methods

Extracellular vesicles (EVs) preparation from MSCs
Extracellular vesicles (EVs) were isolated from human
umbilical cord MSCs (Procell, CP-CL11) using an ultra-
centrifugation method. Briefly, cells were cultured for
three days in DMEM/F-12 medium (Gibco, 11320033)
supplemented with fetal bovine serum (FBS, Vivacell,
C3801-0100) to facilitate exosome secretion. The culture
medium was collected and centrifuged at 300g and then
2000g for 15 min each at 4 °C to remove dead cells and
cell debris. Subsequently, the supernatant was centri-
fuged at 20,000g for 30 min at 4 °C to remove insoluble
impurities. The resulting solution was filtered through a
0.22 um membrane filter (MerckMillipore, SLGP0O33RB).
EVs were then extracted by centrifuging at 200,000g for
2 h at 4 °C. After washes with PBS (200,000g, 2 h), EVs
were resuspended in a 5% trehalose PBS buffer (Beijing
Bioassayon Biotechnology Co., Ltd., C1049) [20].

Preparation of modified P-D2-EVs

Modified P-D2 exosomes (P-D2-EVs) were prepared
using a lipid hybrid technique. The P-D2 peptide (amino
acid sequence: GGVTLTYQFAAGPRDK) was used for
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specific targeting of DCs. In brief, cholesterol (Solarbio,
C8280), phospholipid (AVT, PC-98T), and DSPE-PEG-
P-D2 synthesized by Hangzhou Xin Qiao Biotechnol-
ogy Co., Ltd. were dissolved in 2 ml of tetrahydrofuran
(Aladdin, 109-99-9) with an optimal weight ratio of
4:2:1. The mixture was then subjected to ultrasonica-
tion at 50 kHz for 30 min. Next, the solution was evapo-
rated for 1 h on a rotary evaporator at 50 °C to remove
the tetrahydrofuran. Subsequently, 1 ml of PBS was
added, and the P-D2 liposomes were gently resuspended.
Finally, the P-D2 liposomes were incubated with EVs at
37 °C for 15 min and subjected to multiple mild extru-
sions using a mini extruder (Avanti Polar Lipids, 610020)
and a 200 nm pore size polycarbonate membrane (Avanti
Polar Lipids, 610006) to form P-D2-EVs [20, 21]. As pre-
viously described, EVs were labeled with DiR covalently.
EVs coupled with P-D2 peptide were purified using a
Zeba spin desalting column (14K MWCO, ThermoFisher
Scientific) equilibrated with PBS solution. The conjuga-
tion efficiency of P-D2 peptide on EVs was determined
using 3-(4-carbpxubemzpul)quinoline-2-carboxaldehyde
(CBQCA) (A6222, ThermoFisher Scientific) [22].

Characterization of EVs and P-D2-EVs

Transmission Electron Microscopy (TEM): 20 pL of
EVs were dropped onto a copper grid and left to stand
for 3 min. The liquid was then drawn from the side using
filter paper. Afterward, 30 pl of pH 6.8 phosphotung-
stic acid solution (79690, Merck, USA) was added and
allowed to rest for 5 min at room temperature. The sam-
ple was dried using an incandescent lamp and observed
under a transmission electron microscope (JEM-1011,
JEOL, Tokyo, Japan) with an accelerating voltage of 80 kV.
Images were captured using the side-viewing Camera-
Megaview III device (Soft Imaging System, Muenster,
Germany).

Nanoparticle Tracking Analysis (NTA): EV samples
were suspended in PBS and diluted 500-fold using Milli-
Q water. Subsequently, the diluted EVs were injected into
the sample chamber of a NanoSight LM10 (Malvern, UK)
instrument using a sterile syringe, ensuring the absence
of bubbles until the chamber was full. Video analysis was
performed using NanoSight Version 2.3 (Malvern, UK)
software with a gain of 6.0 and a threshold of 11. The
movement trajectories of the particles were recorded,
and dilution sample concentration and size distribution
plots were generated. The EV concentration in the origi-
nal solution was calculated based on the dilution factor.

Identification of EVs surface markers using Western
blot: EVs were resuspended in radioimmunoprecipita-
tion assay (RIPA) lysis buffer (Wuhan Asben Biological
Technology Co., Ltd., China, AS1004), and surface mark-
ers CD9, CD81, CD63, and Alix, as well as endoplasmic
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reticulum marker Calnexin, were detected through West-
ern blot analysis. Antibody information can be found in
the Western blot section below [23-26]. Each experiment
was repeated three times.

Animals

Male SPF-grade BALB/c mice (6-8 weeks old) were
obtained from Beijing Vitonlihua Experimental Animal
Technology Co., Ltd (Beijing, China). The mice were
housed in an SPF-grade animal laboratory with a humid-
ity of 60-65% and a temperature of 22-25 °C and were
subjected to a 12-h light-dark cycle. After one week
of acclimation, the health condition of the mice was
assessed prior to the start of the experiment [27].

Ethical statement

This study adhered strictly to ethical guidelines and regu-
lations regarding animal experimentation. All experi-
mental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) with review
number No. NCULAE-20221031024. The animals were
housed and cared for in accordance with principles of
humaneness, and experiments were performed with the
utmost care to minimize pain and distress. At the end of
the experiment, all mice were euthanized in a humane
manner under ethyl ether anesthesia.

Establishment and grouping of a mouse model for AR

One hundred BALB/c mice were obtained and randomly
assigned to two groups: the Control group (18 mice)
and the Model group (81 mice). The Model group was
induced with ovalbumin (OVA) to develop an AR mouse
model. Briefly, BALB/c mice were sensitized with 200 pl
of PBS (containing 50 pg OVA from Sigma-Aldrich,
01641, and 2 mg aluminum hydroxide from Solarbio,
IA5810) via intraperitoneal injection on days 0, 7, and 14.
From day 21 to day 27, mice were intranasally challenged
with 20 pl of PBS (containing 400 pg OVA) to induce
allergic reactions. The number of nose itching (rubbing)
and sneezing events within 2 h after the last intranasal
OVA administration were recorded and evaluated. Spe-
cifically, we calculated the number of sneezing episodes,
duration of rhinorrhea, and frequency of nose scratch-
ing or rubbing in mice of the experimental and control
groups within 2 h after the last intranasal OVA adminis-
tration. Statistical analysis using a t-test was conducted
to assess the significant differences in the occurrence of
these symptoms between the control and experimental
groups [28, 29], aiming to confirm the successful estab-
lishment of the AR mouse model. Mice in the Control
group only received intraperitoneal injection and intra-
nasal PBS administration [30-32].
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Subsequently, the Model group was randomly divided
into the following 10 groups: Model+PBS group (3
mice), Model+ DiR-EVs group (3 mice), Model+ DiR-
P-D2-EVs group (3 mice), Model group (6 mice),
Model+EVs group (6 mice), Model+P-D2-EVs group
(6 mice), Model+NC-OE-mDCs group (6 mice),
Model + Fut1l-OE-mDCs group (6 mice), Model +P-D2-
EVs+NC-OE-mDCs group (6 mice), and Model +P-D2-
EVs + Fut1-OE-mDCs group (6 mice).

In the Model+PBS group, on the 28th day after the
successful establishment of the AR model, intrana-
sal administration of 20 ul PBS was conducted. In the
Model + DiR-EVs group, on the 28th day, intranasal
administration of 20 pl PBS (containing 250 pg DiR-
labeled EVs) was performed. The DiR labeling was carried
out using the DiR fluorescent dye (Noninbio, NW3201)
according to the manufacturer’s instructions prior to
administration. In the Model+ DiR-P-D2-EVs group,
intranasal administration of 20 ul PBS (containing 250 pg
DiR-labeled P-D2-EVs) was conducted on the 28th day.
In vivo, fluorescence imaging was performed using an
in vivo imaging system (IVIS) at fixed time points [20,
27].

In addition, the Model group received no further
treatment after the AR model establishment and was
euthanized on day 28 after anesthesia with pentobarbi-
tal sodium (80 mg/kg, Sigma-Aldrich, P3761). For the
Model+EVs group, apart from intranasal administra-
tion of 20 pl PBS (containing 400 ug OVA and 250 pg
EVs) from days 21 to 27, the procedures were the same as
those for the Model group. The Model +P-D2-EVs group
intranasally received 20 pl PBS (containing 400 pg OVA
and 250 pg P-D2-EVs) from days 21 to 27 [27].

In addition, in the Model+NC-OE-mDCs group, on
the 16th and 18th days of establishing the AR model,
1x10° bone marrow-derived mature DCs, transfected
with adeno-associated virus empty vector (NC-OE),
were transferred to the nasal cavity of mice. The pro-
cedures were the same as in the Model group. In the
Model + Fut1l-OE-mDCs group, on the 16th and 18th
days, 1x10° mature DCs transfected with adeno-
associated virus vector overexpressing Futl (Futl-OE)
were transferred to the nasal cavity of mice. The pro-
cedures were the same as in the Model group. In the
Model + P-D2-EVs + NC-OE-mDCs group, on the 16th
and 18th days, 1x 10° NC-OE-mDCs were transferred to
the nasal cavity of mice. The procedures were the same
as in the Model 4+ P-D2-EVs group. In the Model + P-D2-
EVs+Fut1-OE group, on the 16th and 18th days, 1x 10°
Futl-OE-mDCs were transferred to the nasal cav-
ity of mice. The procedures were the same as in the
Model + P-D2-EVs group. Detailed methods for prepar-
ing NC-OE or Futl-OE transfected mDCs are described
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in the following section on cell culture and cell grouping
[33].

Moreover, the remaining 10 untreated BALB/c
mice were used to extract bone marrow DCs and pri-
mary CD4" T cells from the spleen. Three mice from
the Model+PBS group, Model+DiR-EVs group, and
Model + DiR-P-D2-EVs group were used for in vivo flu-
orescence imaging. Three mice, each from the Model
group and Model+P-D2-EVs group, were used for
single-cell sequencing, while an additional three mice
were used for transcriptome sequencing. Each group,
including the Control group, Model group, Model+EVs
group, Model + P-D2-EVs group, Model + NC-OE-mDCs
group, Model+Futl-OE-mDCs group, Model+P-D2-
EVs+NC-OE-mDCs  group, and Model+P-D2-
EVs+Futl-OE-mDCs group, consisted of six mice
for detecting AR-related indicators, except for the
Model +EVs group, an additional three mice were used
in each group for flow cytometry to detect the propor-
tion of target cells and relevant gene expression [30—32].

In vivo fluorescence imaging

Following the establishment of the AR model, ani-
mal grouping was conducted on Day 28 as follows:
Model+PBS group, Model+DiR-EVs group, and
Model + DiR-P-D2-EVs group. According to the descrip-
tion of the animal groups, these groups received intra-
nasal administration of PBS EVs labeled with DiR and
P-D2-EVs, respectively. In vivo, fluorescence imaging of
the mice was performed at 6 and 12 h after drug adminis-
tration using the IVIS Lumina III in vivo imaging system
(PerkinElmer, CLS136334). Prior to imaging, the mice
underwent brief anesthesia to ensure their immobility
during the procedure [20, 34].

Detection of in vivo DC uptake of P-D2-EVs using flow
cytometry

We analyzed the distribution of P-D2-EVs within DCs in
nasal tissues of AR mice using in vivo fluorescence imag-
ing. We utilized antibodies labeled with FITC against
surface markers of anti-Mouse CDI11lc (BD, 568942),
MHC-II (CST, 42594S), CD80 (BD, 553768), and CD86
(BD, 561962) to perform DC sorting on the Cytek Aurora
Flow Cytometer (Cytek). Subsequently, we determined
the cellular percentages of DiR-labeled EVs and P-D2-
EVs uptake [20, 35, 36].

Flow cytometric analysis

First, single cells were prepared by enzymatic diges-
tion of nasal tissue. The cell suspension was lysed using
an ACK lysis buffer (ThermoFisher, A1049201), and
dead cells that stain positive for 7-AAD reagent (CST,
72782S) were excluded. Antibodies against surface
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markers of DCs, including FITC-labeled anti-Mouse
CD11c, MHC-II, CD80, and CD86, as well as Alexa
Fluor™ 488-labeled anti-Mouse Ki67 (ThermoFisher,
53-5698-82), PE-labeled anti-Mouse IL10 (ThermoFisher,
12-7101-82), Alexa Fluor™ 532-labeled anti-Mouse CD3
(ThermoFisher, 58-0032-82), APC-eFluor" 780-labeled
anti-Mouse CD4 (ThermoFisher, 47-0042-82), APC-
labeled anti-Mouse IL4 (ThermoFisher, 17-7041-82),
Alexa Fluor'" 700-labeled anti-Mouse GATA3 (Ther-
moFisher, 56-9966-42), PerCP-Cy' 5.5-labeled Mouse
Lineage Antibody Cocktail (BD, 561317), BV711-labeled
Anti-Mouse CD90.2 (BD, 740647), PE-Cy"" 7-labeled
anti-Mouse CD45 (BD, 552848), BUV563-labeled anti-
Mouse KLRG1 (BD, 741343), and eFluor ' 660-labeled
anti-Mouse IL13 (ThermoFisher, 50-7133-82) were
incubated with the cells. CD11c, MHC-II, CD80, and
CD86 were surface markers for DCs, Ki67 was an acti-
vation marker for DCs, IL10 was a cytokine for DCs,
CD3+CD4+1L4 +represented Th2 cells, GATA3 was a
marker for Th2 cell differentiation and ILC2 activation,
and Lineage-CD45 + KLRG1 + CD90.2 + represented
ILC2 cells, while IL13 was a cytokine for ILC2 cells. After
adding the antibodies, cells were incubated at 4 °C in the
dark for 30 min. The cells were then washed twice with
PBS and centrifuged at 2000 g for 5 min at 4 °C. Percent-
ages of labeled markers were analyzed using the Cytek
Aurora Flow cytometer (Cytek) [20, 35-39].

In vitro extracellular vesicle uptake

To label EVs and P-D2-EVs, the PKH67 green fluores-
cent cell linker mini kit (Sigma-Aldrich, MINI67-1KT)
was employed as per the kit’s instructions. Next, the DCs
isolated from nasal tissue through flow cytometry were
seeded in a 24-well plate at a concentration of 4x10*
cells per well. The plate was incubated overnight at 37 °C
with 5% CO, following thorough mixing. The super-
natant was then discarded, and DMEM/F-12 medium
containing exosome-free FBS was added to each well.
Approximately 10 pg of PKH67-labeled EVs or P-D2-EVs
was added to each well and thoroughly mixed. The plate
was placed in a cell culture incubator for a total of 2 or
8 h. After the incubation period, the cells were collected
and seeded on poly-L-lysine-treated slides for 30 min for
adherence. CellMembrane staining was performed using
CellMask™ Cell Membrane Stain (Invitrogen, C10046)
following the manufacturer’s instructions to label the
cell membrane of DCs after uptake of EVs or P-D2-EVs.
The cells were then treated with PBS containing 0.1% Tri-
ton X-100 (Sigma-Aldrich, X100) for 5 min, followed by
three washes with PBS. Finally, the slides were mounted
using a mounting medium containing DAPI (Beyotime,
P0131-5 ml) and observed and photographed under a
Zeiss LSM 880 confocal fluorescence microscope (Carl
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Zeiss). The fluorescence intensity of three independent
fields of view was quantified using Image] software for
each group [35, 40].

Cellular analysis of NALF and serum immunoglobulin E
(IgE)

NALF and serum were collected from euthanized mice
prior to anesthesia. After anesthetizing the mice, the
upper position of the trachea was ligated, and then 1 ml
of cold PBS was gently injected into the nasopharynx
using a size 21 cannula. The collected NALF was centri-
fuged at 3000 g for 5 min at 4 °C. The cellular pellet of
NALF was resuspended in PBS, and 50 pl of the cell sus-
pension was smeared onto glass slides, followed by stain-
ing using the Diff-Quick staining kit (Solarbio, G1540).
The total cell count was determined using Image]J soft-
ware, with 3 independent fields counted for each group.
Blood was collected from the inferior vena cava, allowed
to clot for 2-3 h at room temperature, and then centri-
fuged at 3000g for 5 min at 4 °C to obtain serum. OVA-
specific IgE levels in the serum were measured using the
ELISA kit (Bioswamp, MU30065) [36].

Nasal tissue pathology

After the nasal tissues from the mice were collected, they
were fixed in 10% neutral formalin (Biosharp, BL388A)
for 48 h and embedded in paraffin. Subsequently, 4 pm
thick paraffin sections were prepared (three sections
per mouse), and hematoxylin and eosin (H&E) staining
was performed using the staining kit (Solarbio, G1120)
to evaluate the infiltration of nasal eosinophils. Immu-
nohistochemical staining was also carried out using
the anti-Mouse NIMP-R14 antibody (Abcam, ab2557)
as a neutrophil marker, followed by incubation with
Goat anti-Rat-HRP secondary antibody (ThermoFisher,
31470) and substrate 3,3’-diaminobenzidine (Sigma-
Aldrich, D8001), resulting in brown staining of positive
cells. A periodic acid-Schiff (PAS) staining kit (Beyotime,
C0142S) was utilized to determine the percentage of
PAS-positive goblet cells. Images were observed under an
inverted microscope (Olympus, BX63), and Image] soft-
ware was used to quantify the nasal mucosal thickness,
eosinophil and neutrophil counts, and the percentage of
goblet cells [32, 36, 41]. Three independent fields were
quantified for each section.

RNA extraction, library construction, and sequencing

Total RNA was extracted from dendritic cells (DCs)
isolated from nasal tissues of mice in the Model group
(n=3) and the Model+P-D2-EVs group (n=3) using
Trizol reagent (15596026, Invitrogen, USA) through
flow cytometry. The concentration and purity of RNA
samples were measured using the Nanodrop 2000
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spectrophotometer (1011U, nanodrop, USA). Total RNA
samples meeting the following criteria were used for sub-
sequent experiments: RNA integrity number (RIN)>7.0
and 28S:18S ratio > 1.5 [35, 42].

Sequencing libraries were generated and sequenced by
CapitalBio Technology (Beijing, China). A total of 5 pg
RNA was used for each sample. In brief, the Ribo-Zero
magnetic kit (MRZE706, Epicentre Technologies) was
used to remove ribosomal RNA (rRNA) from total RNA.
NEB Next Ultra RNA library preparation kit (#E7775,
NEB, USA) was used to construct libraries for Illumina
sequencing. Then, the RNA was fragmented into approx-
imately 300 base pair (bp) fragments using NEB Next first
strand synthesis reaction buffer (5x). First-strand cDNA
was synthesized using reverse transcriptase primers and
random primers, followed by second-strand cDNA syn-
thesis using second-strand synthesis reaction buffer in
the presence of dUTP Mix (10x). The cDNA fragments
were end-repaired, including the addition of polyA tails
and the connection of sequencing adapters. After adapter
ligation, the USER enzyme (#M5508, NEB, USA) was
used to digest the second strand of cDNA to construct
strand-specific libraries. Library DNA was amplified,
purified, and enriched using PCR. Finally, the libraries
were assessed using Agilent 2100 and quantified using
the KAPA library quantification kit (KK4844, KAPA
Biosystems). Pair-end sequencing was performed on the
NextSeqCN500 (Illumina) sequencer [35, 42].

Quality control of sequencing data and alignment

to the reference genome

The quality of paired-end reads in the raw sequencing
data was examined using FastQC software v0.11.8. The
original data was preprocessed using Cutadapt soft-
ware 1.18 to remove Illumina sequencing adapters and
poly(A) tail sequences. Perl scripts were utilized to elimi-
nate reads with an N content exceeding 5%. The FASTX
Toolkit software 0.0.13 was employed to extract reads
with a base quality of 20 or above, accounting for 70% of
the bases. BBMap software was used to repair the paired-
end sequences. Lastly, the filtered high-quality read frag-
ments were aligned against the mouse reference genome
using Hisat2 software version 0.7.12 [43, 44].

Sample preparation and sequencing of single cells

Three Model mice and three model+P-D2-EVs mice
were selected, and nasal tissue samples were collected.
The nasal tissue samples were prepared as single-cell sus-
pensions and loaded onto Chromium Single Cell chips.
The Chromium Single Cell 3’ v3 kit (10 X Genomics) was
used to prepare the samples according to the manufac-
turer’s instructions, capturing approximately 10,000
individual cells per sample. During cDNA synthesis, the
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captured mRNA was barcode labeled. Subsequently,
the single-cell RNA-seq libraries for Illumina sequenc-
ing were prepared using the Chromium Single Cell 3’
Solution (10X Genomics) following the manufacturer’s
instructions. Barcode labeling was performed using Illu-
mina Sample Indexes, and sequencing was conducted
on a single Illumina flow cell channel using the Illumina
HiSeq 4000 sequencer. The sequencing parameters were
as follows: Read 1 contained 28 bases, Read 2 contained
98 bases, and the sample index included 8 bases. The
minimum number of reads per cell sequenced from the
RNA library was set at 25,000 [45].

TSNE clustering analysis, cell annotation, pseudotime
analysis, and cell communication analysis

In this study, scRNA-seq data was analyzed using the
"Seurat" package in R software. A series of quality con-
trol measures were initially performed, including the
following filtering conditions: nFeature RNA >200,
nFeature_ RNA <5000 percent.mt<10. Batch effects
were eliminated using the canonical correlation analysis
(CCA) method, followed by standardization of the data
using the LogNormalize function.

To reduce the dimensionality of the scRNA-seq dataset,
principal component analysis (PCA) was applied to the
highly variable genes based on the top 2000 genes with
the highest variance. The first 30 principal components
were then selected for TSNE clustering analysis. The
FindClusters function provided by Seurat was employed
to identify the main cell subgroups, with a default reso-
lution value of res=0.9. Subsequently, the UMAP algo-
rithm was used to reduce nonlinear dimensionality of the
scRNA-seq sequencing data. Cell type-specific marker
genes were identified for various cell subgroups using the
Seurat package. Furthermore, the "SingleR" package was
utilized to annotate the marker genes of each cell cluster,
with reference data sets loaded using the MouseRNAse-
gqData function. Cell annotation was carried out by con-
sidering known cell lineage-specific marker genes and
utilizing the CellMarker online website.

Subsequently, the "monocle” package in R software was
employed for pseudotime analysis. Cell communication
analysis was performed using the "cellchat" package [46].

Bioinformatics analysis of differentially expressed genes

in transcriptome and single-cell sequencing

Differential expression gene (DEG) identification was
performed on the raw count matrix of DCs transcrip-
tome sequencing using the "limma" package in the R
language. A threshold of |log fold change (FC)|>2 and
P-value <0.05 was chosen, and a volcano plot was gener-
ated using the "ggplot2" package. A heatmap of the DEGs
was created using the "pheatmap” package. Subsequently,
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the R packages "clusterProfiler”, "org.Hs.eg.db", "org.
Mm.eg.db", "enrichplot”, "ggplot2", and "pathview" were
utilized for Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses [47].

The DCs cell subpopulation was extracted from the sin-
gle-cell data, and the "limma" package in the R language
was employed to identify differentially expressed genes
(ScCRNA-DEGs) with a threshold of |log fold change
(FC)|>0.5 and P-value<0.05. The "EnhancedVolcano"
package was used to generate a volcano plot. A Venn dia-
gram was created using the Jvenn website to obtain the
differentially expressed genes (B-DEGs) that intersected
with DEGs and ScRNA-DEGs. KEGG and GO analyses
were then performed [48].

RT-qPCR
RNA was extracted from ruptured cells or nasal tissue
using the Trizol reagent kit (Invitrogen, 10296028CN).
The quality and concentration of RNA were determined
by UV-visible spectrophotometry using the ND-1000
NanoDrop (USA). To measure mRNA expression,
reverse transcription was carried out using the Prime-
Script™ RT-qPCR kit (TaKaRa, RR037Q). Real-time
quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) was performed on a LightCycler 480
system (Roche Diagnostics, Pleasanton, CA, USA) using
SYBR Premix Ex Taq " (TaKaRa, RR390A). The reference
gene GAPDH was used as an internal control for mRNA
expression. Primer design and synthesis were provided by
Shanghai Universal Biotech Co., Ltd. Primer sequences
can be found in Table S1. The relative expression of the
target gene in the experimental group compared to the
control group was determined using the 272" method,
where AACT =ACt experimental group — ACt control
group, and ACt=target gene Ct — reference gene Ct [35].

Cell culture

To isolate DCs from the bone marrow of BALB/c mice,
the mice were euthanized by cervical dislocation, and
then soaked in a 75% ethanol solution for 5 min. The
femur and tibia were extracted, and the bone marrow
cavity was rinsed with sterile PBS three times to obtain
a cell suspension. The suspension was filtered through
a 200-mesh cell strainer (Corning, 352,350) to remove
small bone fragments and muscle tissues, followed by
centrifugation at 1200g for 5 min. The supernatant was
removed, and the remaining cells were treated with red
blood cell lysis buffer (Solarbio, R1010) for 3 min, fol-
lowed by centrifugation to collect the bone marrow cells
(BM cells). After counting the BM cells, they were seeded
in a 24-well plate at a concentration of 1x10%ml in
RPMI 1640 medium (Gibco, 11875093) containing 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/
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streptomycin, supplemented with 20 ng/ml GM-CSF
(MCE, HY-P7361) and 20 ng/ml IL-4 (MCE, HY-P70644)
dissolved in PBS. The cells were incubated at 37 °C with
5% CO,. On the 3rd and 5th days, half of the medium was
replaced with a fresh medium containing the same con-
centration of cytokines. After 5 days of culture, cells were
harvested, and the phenotype of immature DCs (iDCs)
was analyzed by flow cytometry. Additionally, on the
5th day, 100 ng/ml of LPS (MCE, HY-D1056) dissolved
in PBS was added to the culture medium for 2 days to
collect non-adherent cells, referred to as mature DCs
(mDCs). The collected cells were suspended in ice-cold
flow cytometry buffer (ThermoFisher, 00-4222-26) and
characterized as immature and mature DCs using flow
cytometry with antibodies targeting DC surface markers
CD11c, MHC-II, CD80, and CD86 [35, 41, 49].

The spleens were removed to isolate CD4* T cells from
the spleens of BALB/c mice. The Mouse Spleen Dis-
sociation Kit (Miltenyi Biotec, 130-095-926) was used
according to the manufacturer’s instructions to prepare
single-cell suspensions from the spleen. The Mouse
Naive CD4" T cell Isolation Kit (Miltenyi Biotec, 8804-
6824-74) was used according to the manufacturer’s
instructions to isolate naive CD4" T cells from mouse
splenocytes. Mouse CD4™ T cells (3% 10° cells/ml) were
co-cultured with DCs treated in different ways for 5 days.
The medium used was RPMI 1640 supplemented with
10% FBS, 1% penicillin/streptomycin, and IL-2 (100 IU/
ml, Beyotime, P5907) [38, 50].

ILC2 cells were sorted from the nasal-associated lym-
phoid tissue (NALT) of OVA-sensitized mice. On day 28,
OVA-sensitized mice were euthanized, and the NALT
was transferred to RPMI 1640 medium for further pro-
cessing. The cells were passed through a 40 pm cell
strainer (Fisher Scientific, FIS22-363-547). Red blood
cells were lysed using red blood cell lysis buffer at room
temperature for 2-5 min. Subsequently, the cells were
washed with 10 ml of PBS, centrifuged for 5 min, and
resuspended in 10 ml of RPMI 1640 medium. ILC2 cells
were isolated using the EasySep Mouse ILC2 Enrich-
ment Kit (Miltenyi Biotec, 19842) according to the
manufacturer’s instructions. The sorted cells were then
cultured at 37 °C for 6 days in a medium containing 10%
FBS, 0.1% B-mercaptoethanol (ThermoFisher, 31350010),
1% penicillin/streptomycin, and 10 ng/ml of mouse
recombinant IL-33 (Abcam, ab187455), IL-7 (Abcam,
ab270065), and TSLP (Abcam, ab310786) [39].

Cell grouping

Firstly, cells extracted from BALB/c mouse bone mar-
row were induced into three different types of iDCs
using different treatments: the BM cells group, the iDCs
group, and the iDCs+P-D2-EVs group. In the BM cells
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group, bone marrow cells were co-cultured with PBS for
5 days. In the iDCs group, bone marrow cells were co-
cultured with GM-CSE, IL-4, and PBS for 5 days. In the
iDCs+P-D2-EVs group, bone marrow cells were co-cul-
tured with GM-CSF, IL-4, and 3x10°/ml P-D2-EVs for
5 days [35, 51].

Next, BALB/c mouse bone marrow cells were treated or
induced using different methods, resulting in twelve dif-
ferent types of mDCs: the iDCs group, the mDCs group,
the mDCs+P-D2-EVs group, NC-OE-iDCs, Futl-OE-
iDCs, NC-OE-mDCs, Futl-OE-mDCs group, NC-OE-
mDCs+P-D2-EVs  group, Futl-OE-mDCs+ P-D2-EVs
group, Futl-OE-mDCs+2DGal group, mDCs+2DGal
group, and mDCs + 2D Gal + Anisomycin group.

In the iDCs group, bone marrow cells were co-cultured
with GM-CSF and IL-4 from day 1 to 7, followed by PBS
treatment from day 5 to 7. Both the mDCs group and
mDCs+P-D2-EVs group conducted cell counting on
day 5, adjusting the concentration of P-D2-EVs based on
the ratio of 1000 EVs internalized per cell. The cell den-
sity of various mDC types on day 5 was approximately
2-3x10°/ml. From day 5 to 7, LPS and PBS or LPS, along
with P-D2-EVs based on the 1000 EVs per cell standard,
were added. Subsequent cell experiments involving P-D2-
EVs were treated in accordance with this standard. In the
mDCs+2DGal group, 2-deoxy-D-galactose (10 mM;
MCE, HY-131892) was additionally induced from day
5 to 7. In the mDCs+2DGal+ Anisomycin group, both
2D@Gal and Anisomycin (0.5 pM; MCE, HY-18982) were
induced from day 5 to 7 [52, 53].

Furthermore, plasmids overexpressing the mouse Futl
gene (Ad-Futl, Futl-OE) and plasmids for knocking
down the mouse Futl gene were synthesized by Han-
Bio. Futl-OE and adenoviral empty vector (NC-OE), as
well as sh-Futl and sh-NC, were separately transfected
into human embryonic kidney cell line AD293 (Agilent,
240085) for viral packaging using LipoFiter transfection
reagent (HanBio, HB-LF-1000). Supernatant containing
viruses was collected 72 h later. High titer adenovirus
was purified using Vivapur® AdenoPACK™ 20 kit (Sar-
torius, VS-AVPQO022) and subsequently titrated by end-
point dilution method. Following 5 days of incubation
with GM-CSF and IL-4, iDCs were seeded into 24-well
plates at a concentration of 10° cells per well. The cells
were then infected with Futl-OE or NC-OE, as well as
sh-Futl and sh-NC at multiplicities of infection (MOI) of
10, 50, 100, or 1000. After 4 h of transfection, the trans-
fection medium was replaced with fresh culture medium
and incubated for an additional 18 h. Subsequently, LPS
was used to induce iDCs into mDCs [54, 55].

NC-OE-iDCs/sh-NC-iDCs were transfected for 4 h
before being switched to a fresh culture medium for an
18-h incubation. Likewise, Futl-OE-iDCs/sh-Futl-iDCs
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underwent transfection and subsequent culture change.
The NC-OE-mDCs/sh-NC-mDCs group was subjected to
continued induction with LPS and PBS for 2 days follow-
ing the transfection of NC-OE-iDCs/sh-NC-mDCs. Sim-
ilarly, the Futl-OE-mDCs/sh-Futl-mDCs group received
the same induction with LPS and PBS post-transfection
of Futl-OE-iDCs/sh-Futl-iDCs. The group NC-OE-
mDCs+P-D2-EVs was maintained with LPS+P-D2-EVs
induction after the NC-OE-iDCs/sh-NC-iDCs trans-
fection. Moreover, the group Futl-OE-mDCs+P-D2-
EVs/sh-Futl-mDCs+P-D2-EVs underwent the same
induction with LPS+P-D2-EVs post-transfection of
Futl-OE-iDCs/sh-Futl-iDCs. Finally, the group Futl-
OE-mDCs+2DGal was induced with LPS and 2DGal fol-
lowing the transfection of Fut1-OE-iDCs [52, 54, 55].

In the CD4" T group, only CD4% T cells were cul-
tured for 5 days without the addition of mDCs, with an
equal amount of culture medium. In the CD4" T+mDCs
group, mDCs were co-cultured with CD4% T cells in a
ratio of 1:10 for 5 days. The CD4* T +P-D2-EV-mDCs
group indicates the co-culturing of P-D2-EV-mDCs with
CD4" T cells. The CD4* T+ NC-OE-mDCs group signi-
fies the co-culturing of NC-OE-mDCs with CD4" T cells.
The CD4" T+P-D2-EV-NC-OE-mDCs group involves
the co-culturing of P-D2-EV-NC-OE-mDCs with CD4™"
T cells. The CD4" T +Futl-OE-mDCs group demon-
strates the co-culturing of Futl-OE-mDCs with CD4%t
T cells. The CD4" T+ P-D2-EV-Futl-OE-mDCs group
denotes the co-culturing of P-D2-EV-Futl-OE-mDCs
with CD4" T cells [38, 50].

Additionally, in the CD4' T +anti-IL10Ra+ P-D2-
EV-mDCs group, CD4" T cells were pre-treated with
IL10Ra blocking antibody (5 pg/ml, R&D, AF-474-NA)
for 30 min before co-culturing. In the CD4* T +anti-
IL10+P-D2-EV-mDCs group, an additional anti-
mouse IL10 monoclonal antibody was added during
co-culturing (75 ng/ml, R&D, MAB417-SP). The CD4*
T +IL10+ Futl-OE-mDCs group involved the additional
addition of IL10 (10 ng/ml, Solarbio, P00104) during co-
culturing [35, 38].

Finally, the supernatant of the co-cultured mDCs
and CD4" T cells was divided into 8 groups for co-cul-
ture with ILC2, namely ILC2+CD4" T, ILC2+CD4*

T+ mDCs, ILC2+CD4* T+ P-D2-EV-mDCs,
ILC2+I11L4+CD4* T+P-D2-EV-mDCs, ILC2+CD4%
T+NC-OE-mDCs, ILC2+CD4" T +Futl-OE-mDCs,

ILC2 +anti-IL4+ CD4* T + Fut1-OE-mDCs, and
ILC2 +anti-IL4Ra + CD4* T + Fut1-OE-mDCs.

In the ILC2+CD4% T group, the supernatant from
the CD4* T group was co-cultured with ILC2 for 3 days.
In the ILC2+CD4" T+mDCs group, the supernatant
from the CD4" T+mDCs group was co-cultured with

ILC2. In the ILC2+ CD4* T + P-D2-EV-mDCs group, the
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supernatant from the CD4% T +P-D2-EV-mDCs group
was co-cultured with ILC2. In the ILC2+IL4+CD4%
T +P-D2-EV-mDCs group, an additional 20 ng/ml IL-4
was added during co-culturing. In the ILC2+CD4*
T+NC-OE-mDCs group, the supernatant from the
CD4" T+NC-OE-mDCs group was co-cultured with
ILC2. In the ILC2+CD4" T+Futl-OE-mDCs group,
the supernatant from the CD4" T+ Futl-OE-mDCs
group was co-cultured with ILC2. In the ILC2+anti-
IL4+CD4* T+Futl-OE-mDCs group, an additional
100 ng/ml IL-4 and anti-IL4 antibody (ThermoFisher,
MA5-23,722) were added during co-culturing. In the
ILC2 +anti-IL4Ra + CD4" T + Fut1-OE-mDCs group, an
IL-4Ra blocking antibody (1 pg/ml, Santa Cruz Biotech-
nology, sc-28361) was added during co-culturing [35, 38,
56].

Intracellular cytokine staining of extracellular cells using
flow cytometry

For intracellular cytokine staining, cells were first fixed
with 4% paraformaldehyde (Biosharp, BL539A) for
20 min, followed by permeabilization using eBioscience""
Intracellular Fixation & Permeabilization Buffer (Ther-
moFisher, 88-8824-00). The fixed and permeabilized cells
were then resuspended in eBioscience” Flow Cytometry
Staining Buffer (ThermoFisher, 00-4222-57) and co-incu-
bated with the following antibody markers in the dark for
30 min: PE-conjugated IL10 (ThermoFisher, 12-7101-82),
APC-conjugated IL4 (ThermoFisher, 17-7041-82), Alexa
Fluor™" 700-conjugated GATA3, eFluor " 660-conjugated
IL13 (ThermoFisher, 50-7133-82), and eFluor" 450-con-
jugated IL5 (ThermoFisher, 48-7052-82). After co-incu-
bation, cells were washed twice with FACS washing
buffer and subjected to differential expression analysis
using an LSRII Fortessa flow cytometer (BD Biosciences).
Data obtained were analyzed using FlowJo-X software
[57].

ELISA

Mouse serum or cell culture supernatant was col-
lected and the levels of IL-10, IL-4, IL-13, and IL-5 were
quantified using Mouse ELISA kits purchased from
ThermoFisher (IL-10: BMS614, IL-4: BMS613, IL-13:
BMS6015, IL-5: M551). The assays were performed
according to the manufacturer’s instructions to measure
the concentrations of IL-10, IL-4, and IL-13 in the serum
or cell culture supernatant [35].

Western blot

RIPA total protein lysis buffer (AS1004, Wuhan Aspen
Biotechnology Co., Ltd.) was used to lyse EVs, P-D2-EVs,
and cells. The protein concentrations were measured
using the BCA protein quantitation assay kit (Thermo
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Fisher, 23227). The proteins were separated by SDS-
PAGE and transferred to a PVDF membrane, which was
blocked with 5% BSA at room temperature for 1 h. Sub-
sequently, the following primary antibodies, diluted as
indicated, were added: CD9 (1:1000, Abcam, ab307085),
CD81 (1:1000, Abcam, ab109201), CD63 (1:1000, Abcam,
ab134045), Alix (1:1000, Abcam, ab275377), Calnexin
(1:20,000, Abcam, ab92573), Futl (1:500, Proteintech,
17956-1-AP), ICAM1 (1:250, Thermo Fisher, MA5407),
UEA1 antibody (1:500, BIOSS, bs-10025R), p-P38 MAPK
(1:1000, CST, #9212), P38 MAPK (1:1000, CST, #9211),
and GAPDH (1:10,000, Thermo Fisher, AM4300). The
primary antibodies were incubated overnight at 4 °C.

CD9, CD81, CD63, and Alix are markers of EVs, while
Calnexin is a marker of the endoplasmic reticulum mem-
brane. FUT1 and ICAM]1 serve as key regulatory pro-
teins, and UEA1 specifically recognizes a-(1,2)-fucose
glycans. p-P38 MAPK and P38 MAPK are markers of the
P38 MAPK signaling pathway.

The membrane was washed three times with TBST
(5 min each wash) and then incubated at room tempera-
ture for 2 h with the appropriate secondary antibodies:
Anti-Mouse-HRP (1:10,000, Thermo Fisher, 31430) or
Goat anti-Rabbit-HRP (1:10,000, Thermo Fisher, 31460).
Afterwards, the membrane was washed three times with
TBST (5 min each wash). TBST was removed, and an
appropriate amount of ECL working solution (Millipore,
WBKLS0500) was added, followed by incubation at room
temperature for 1 min. Excess ECL reagent was removed,
and the membrane was sealed with plastic wrap, placed
in a dark box, and exposed to X-ray film for 5-10 min.
The film was then developed and fixed. Image ] software
was used for densitometric analysis of the Western blot
bands, with GAPDH used as an internal reference [38].

Enrichment experiment of Ulex europaeus agglutinin 1
(UEA1)

To collect different treated cell lines, we lysed the cells
using NP40 cell lysis buffer (ThermoFisher, FNN0021)
supplemented with a protease inhibitor (ThermoFisher,
A32953). The cell lysate (1000 pg) was then mixed with
100 pl of UEA1 (0.1 pg/ml; Xian QiYue Biotechnology
Co., Ltd., Q-0003008) labeled with biotin. The mixture
was incubated overnight at 4°C with gentle rotation.
Streptavidin Agarose (ThermoFisher, SA10004) beads
were added, containing an affinity for biotin, and the
incubation was continued for another 4 h. The samples
were extracted and separated by SDS-PAGE and then
transferred onto a PVDF membrane. The membrane was
incubated with antibodies against FUT1, ICAMI, and
GAPDH, with GAPDH serving as a control. The antibody
information is consistent with the Western blot section.
FUT1 and ICAM1 were used to detect the total protein
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in different input samples, while ICAM1 was also used
to assess the level of ICAMI1 fucosylation after UEA1
enrichment [52, 58].

Immunoprecipitation (IP)

Immunoprecipitation was performed according to the
manufacturer’s instructions using the Protein A Immu-
noprecipitation Kit (Beyotime, 2006). mDCs cells sub-
jected to different treatments were lysed using NP40
cell lysis buffer supplemented with protease inhibitors
and incubated on ice for 1 h. The lysates containing pro-
teins were incubated overnight at 4 °C with Sepharose
beads coupled with primary antibodies against ICAM1
and UEA1L. The proteins were eluted by the lysing buffer,
resuspended in SDS sample buffer, and subsequently
analyzed by Western blot. The antibody information was
consistent with the Western blot results [58].

Immunofluorescence staining

Cells were cultured on glass slides and fixed with 4% par-
aformaldehyde. Cell membranes were permeabilized with
0.5% Triton X-100 (Sigma-Aldrich, X100), and non-spe-
cific binding was blocked with BSA (Solarbio, SW3015).
Slides were incubated overnight with primary antibodies
against ICAM1 (Thermofisher, MA5-43106) at a dilution
of 1:60. After washing with PBST, cells were incubated
with Alexa Fluor™ 594 goat anti-rabbit IgG secondary
antibody (Thermofisher, A-11012) at a concentration of
2 pg/ml. Following a PBST wash, FITC-labeled UEA1
(Thermofisher, L32476) was used for UEA1 staining at
a concentration of 5 pg/ml for 1 h at 37 °C. Nuclei were
counterstained with DAPI (Invitrogen, D3571) for 5 min
at room temperature, and then the slides were sealed.
ICAM1 and UEA1 co-localization fluorescence intensi-
ties were quantitatively analyzed using Image] software
with three independent fields of view for each group
under an Olympus BX40 fluorescence microscope [59,
60].

Statistical analysis

All experiments were conducted independently at least
three times, and the data are presented as the mean + SD
(standard deviation). Independent samples t-test or
one-way analysis of variance (ANOVA) were employed
to compare differences between groups. If the ANOVA
results indicated significant differences, further Tukey’s
honestly significant difference (HSD) post-hoc tests
were conducted to compare differences among indi-
vidual groups. For non-normal distribution or unequal
variances, the Mann—Whitney U test or Kruskal-Wallis
H test were employed. All statistical analyses were per-
formed using GraphPad Prism 8.0 [61]. Statistical signifi-
cance was set at P <0.05.
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Results

Enhancement of targeting ability of MSCs nanovesicles

to DCs through P-D2 peptide modification

It has been reported that EVs derived from MSCs have
the potential to treat AR by influencing the involve-
ment of DCs [35]. Studies have shown that surface
modification with P-D2 peptide can enhance the target-
ing ability of nanocarriers to DCs [21, 22]. Therefore,
we first obtained EVs from MSCs using ultracentrifuga-
tion and prepared liposomes containing P-D2 peptide.
Subsequently, we loaded P-D2 peptide onto the surface
of MSCs-derived EVs using the lipid mixing technique
and incubation, resulting in novel MSCs nanovesicles
with DCs targeting ability, named P-D2-EVs (Fig. S1A).

Characterization of EVs and P-D2-EVs was per-
formed. Western blot results showed positive expres-
sion of extracellular vesicle markers CD9, CD81,
CD63, and Alix in both EVs and P-D2-EVs and negative
expression of endoplasmic reticulum marker Calnexin
(Fig. S1B). TEM revealed that both EVs and P-D2-EVs
exhibited a circular shape and had a dual-layered lipid
membrane structure (Fig. S1C). NTA demonstrated
that the average particle sizes of EVs and P-D2-EVs
were 91.97+5.01 nm and 107.82+2.39 nm, respec-
tively (Fig. S1D), with corresponding Zeta potentials
of -23.33+1.20 mV and — 16.01+2.08 mV (Fig. S1E).
Therefore, both EVs and P-D2-EVs exhibited typical
characteristics of EVs. Additionally, after 30 days, the
concentration and particle size of P-D2-EVs showed no
significant changes, indicating the desired stability of
P-D2-EVs (Fig. S1F, G). The loading efficiency of P-D2
peptide on the PS surface was determined to exceed
87% using CBQCA, confirming the stable incorpora-
tion of P-D2 peptide at different densities onto the PS
surface following size exclusion chromatography purifi-
cation (Fig. S1H).

To further validate the targeting ability of P-D2-EVs
to DCs, we labeled EVs and P-D2-EVs with PKH67
and observed the uptake of these vesicles by DCs at
different time points. The results showed that after
co-incubation for 2 h, PKH67-EVs and engineered
PKH67-P-D2-EVs were internalized by the cells, with
stronger fluorescence intensity observed in the PKH67-
P-D2-EVs group. Consistent conclusions were drawn
after 8 h of co-incubation, and the uptake of PKH67-
P-D2-EVs by DCs exhibited a time-dependent pattern
(Fig. S1I). This indicates that engineered P-D2-EVs can
enhance the targeting ability of EVs to DCs, thereby
increasing the uptake of EVs by DCs.

In summary, we successfully prepared novel MSC
nanovesicles, P-D2-EVs, with stability and specific tar-
geting effects.
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P-D2-EVs are more effective than EVs in treating a mouse
model of AR

To investigate the potential of P-D2-EVs in treating AR,
we first administered PBS, DiR-labeled EVs, or P-D2-
EVs into the nasal cavity of mice induced with ovalbu-
min (OVA) (Fig. S2A). In vivo, fluorescence imaging
and flow cytometry were used to evaluate the biodistri-
bution of EVs or P-D2-EVs in the nasal cavity and their
targeting ability towards DCs, respectively. The results
of in vivo fluorescence imaging indicated a higher fluo-
rescence signal in the nasal cavity of AR mice adminis-
tered with P-D2-EVs compared to the Model + DiR-EVs
group, suggesting that the modified P-D2-EVs, a novel
MSCs nanovesicles, can be delivered more effectively
to the AR lesion sites (Fig. S2B). Flow cytometry analy-
sis revealed that MSC-derived EVs targeted only 22%
of DCs, whereas P-D2-EVs could target 52.1% of DCs,
with a stronger fluorescence intensity of DiR in DCs
from the Model+DiR-P-D2-EVs group compared to
the EVs group (Fig. S2C). These findings indicate that
the novel MSCs nanovesicles, P-D2-EVs, possess spe-
cific targeting effects and potential therapeutic efficacy
for AR.

To further validate the therapeutic potential of EVs or
P-D2-EVs for AR mice, we treated the mice through nasal
administration of EVs or P-D2-EVs (Fig. 1A). Compared
to the Control group, the Model group exhibited a signif-
icant increase in the number of nose-rubbing and sneez-
ing episodes. However, treatment with both types of EVs
was able to alleviate nose rubbing and sneezing in AR
mice, with the Model+P-D2-EVs group showing a more
pronounced inhibitory effect than the Model + EVs group
(Fig. 1B).

In addition, the Model group displayed higher total cell
count in NALF, serum levels of OVA-specific IgE, and
goblet cell percentage compared to the Control group.
However, treatment with EVs or P-D2-EVs reversed
these effects significantly, with P-D2-EVs showing a more
potent reversal effect than EVs (Fig. 1C-E). H&E staining
results demonstrated that both EVs and P-D2-EVs signifi-
cantly improved the number of eosinophils in the OVA-
induced nasal mucosa and the increase in nasal mucosa
thickness compared to the Model group, indicating that
both EVs and P-D2-EVs improved eosinophil infiltration
and nasal mucosal hyperplasia, with P-D2-EVs exhibit-
ing a stronger improvement effect (Fig. 1F). Consistently,
the treatment with EVs or P-D2-EVs reduced neutrophil
infiltration in the nasal mucosa of the Model group, with
P-D2-EVs showing a superior inhibitory effect compared
to EVs treatment (Fig. 1G).
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Fig. 1 Therapeutic effects of EVs and P-D2-EVs on AR mice. A Flowchart of EVs and P-D2-EVs treatment on AR mice. B Number of nose rubbing
(itching) and sneezing events of each group of mice (n=6) within 2 h after the last intranasal OVA administration. C Total cell count in NALF of each
group of mice (n=6). D OVA-specific serum IgE levels of each group of mice (n=6). E Representative PAS staining images of nasal tissue (scale

bar= 100 um) and quantification of percentage of PAS-positive goblet cells. F Representative H&E staining images of nasal tissue (scale bar=100 um
or 25 um) and quantification of eosinophils in nasal mucosa and nasal mucosal thickness, red arrows indicate nasal mucosa. G Representative
images of neutrophil infiltration in nasal mucosa (scale bar=25 um) and quantification in each group of mice (n=6), black arrows indicate positive

cells; NALF nasal lavage fluid, * represents statistical significance (P < 0.05)

reliable AR mouse model. Both EVs and P-D2-EVs sig-
nificantly alleviate AR symptoms and inflammation in

These results indicate that we have established a
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Model mice, with the novel MSCs nanovesicles P-D2-EVs
exerting a stronger therapeutic effect on AR.

Treatment of AR through regulation of DEGs in DCs

by P-D2-EVs

To investigate the mechanism by which the novel MSCs
nanovesicles P-D2-EVs improve AR, we collected DCs
from mice in the Model group and the Model+P-D2-
EVs group using flow cytometry, followed by transcrip-
tome sequencing (Fig. 2A). Transcriptome sequencing
results revealed that DCs from the Model group treated
with P-D2-EVs showed significant differential expres-
sion of 948 genes (differentially expressed genes, DEGs),
including 626 upregulated and 322 downregulated genes
(Fig. 2B, C). Functional enrichment analysis using the
GO and KEGG databases indicated that the DEGs were
mainly enriched in several biological processes (BP),
such as positive regulation of defense response, cellular
components (CC), such as spindle apparatus, and molec-
ular functions (MF), such as cytokine receptor bind-
ing (Fig. 2D). Additionally, KEGG enrichment analysis
revealed that the DEGs were mainly enriched in signaling
pathways, including cytokine-cytokine receptor interac-
tion (Fig. 2E). In conclusion, P-D2-EVs may have thera-
peutic potential for AR by regulating DEGs in DCs.

Role of DCs in AR revealed by P-D2-EVs through scRNA-seq
analysis

Single-cell RNA sequencing (scRNA-seq) can illuminate
the transcriptional changes in specific cell subpopula-
tions, aiding in the exploration of key pathways that may
influence the occurrence of AR [46]. Therefore, to inves-
tigate the impact of P-D2-EVs on the AR process and
the role of DCs within it, scRNA-seq was performed on
nasal tissue samples collected from three groups of mice:
a model group and a model + P-D2-EVs group. The analy-
sis of scRNA-seq data was conducted using the "Seurat”
package in the R software (Fig. 2F). After quality control

(See figure on next page.)
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and normalization of the scRNA-seq data, the distri-
bution of cellular RNA was obtained, as shown in Fig.
S3A. Subsequently, the correlation coefficients between
nCount and percent.mt, as well as between nCount and
nFeature, were analyzed, indicating that the filtered cell
data had good quality and were suitable for further analy-
sis (Fig. S3B).

Further analysis was carried out on the filtered cells
by selecting highly variable genes based on their gene
expression variance, resulting in the selection of the top
2000 genes with the highest variance for subsequent
analysis (Fig. S3C). Sample cell cycles were calculated
using the CellCycleScoring function (Fig. S3D), and pre-
liminary data normalization was performed. Thereaf-
ter, principal component analysis (PCA), utilizing the
selected highly variable genes, was implemented for lin-
ear dimension reduction. A total of 50 principal compo-
nents were obtained, among which those with smaller
P-values and larger standard deviations indicated greater
importance (Fig. S3E-F). The results demonstrated that
PC_1-PC_30 effectively reflected the information con-
tained in the selected highly variable genes and carried
significant analytical significance. Here, we presented the
characteristic genes of PC_1 and PC_2 (Fig. S3G), as well
as the heatmap of the main correlated gene expressions
for PC_1-PC_6 (Fig. S3H).

Moreover, we illustrated the distribution of different
sample cells in PC_1 and PC_2 (Fig. S3I), revealing the
existence of batch effects between samples. To elimi-
nate these batch effects and improve the accuracy of cell
clustering, we employed the harmony package for batch
correction of the sample data (Fig. 2G). The results after
correction exhibited the successful elimination of batch
effects (Fig. 2H).

Subsequently, we employed the UMAP algorithm for
non-linear dimension reduction using the first 30 prin-
cipal components and conducted cluster analysis with
a resolution of 0.9 (Fig. S4). Through clustering, we

Fig. 2 Transcriptome sequencing and biological information analysis of DEGs. A Workflow of transcriptome sequencing for mouse DCs in Model
group and Model +P-D2-EVs group. B Volcano plot of DEGs between mouse DC samples from Model group (n=3) and Model+P-D2-EVs

group (n=3). C Heatmap of DEGs between mouse DC samples from Model group (n=3) and Model + P-D2-EVs group (n=3). D GO enrichment
analysis bubble plot of DEGs. E KEGG enrichment analysis bar plot of DEGs. F Single-cell sequencing workflow diagram of Model group (n=3)
and Model +P-D2-EVs group (n=3) mouse nasal tissue samples. G Batch correction process diagram of Harmony, with the number of interactions
on the x-axis. H Distribution of cells in PC_1 and PC_2 after Harmony batch correction, each point represents a cell, different colors represent
different samples. | UMAP clustering result visualization, two-dimensionally showing the clustering and distribution of cells from Model group
(n=3) and Model +P-D2-EVs group (n=3) mouse nasal tissue samples, where blue represents samples from the Model group, and red represents
samples from the Model + P-D2-EVs group. J UMAP clustering result visualization, displaying the clustering and distribution of cells from different
sources (n=3), with each color representing a cluster. K Expression levels of known cell lineage-specific marker genes in different clusters,

where darker red indicates higher average expression levels and larger circles indicate more cells expressing that gene. L Three-dimensional
visualization of cell annotations based on UMAP clustering, with each color representing a cell subtype. M Visualization of cell annotation results
based on UMAP clustering of Model group (n=3) and Model +P-D2-EVs group (n=3), where each color represents a cell subtype
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obtained 41 clusters and investigated the marker gene
expressions for each cluster (Fig. 2I, J). We then anno-
tated the cells based on known lineage-specific marker
genes obtained from relevant literature in combination
with the online resource CellMarker (Fig. 2K) [62, 63].
In total, we identified 13 cell categories, including mono-
cytes, macrophages, neutrophils, T cells, B cells, natural
killer cells, DCs, epithelial cells, ILC2 (type 2 innate lym-
phoid cells), basal cells, ciliated cells, plasma cells, and
mast cells (Fig. 2L, M).

In summary, the nasal tissue samples from the model
and model+P-D2-EVs groups of mice could be clas-
sified into 41 clusters comprising 13 distinct cellular
subpopulations.

Key mechanisms of P-D2-EVs in suppressing AR

through modulating cell interactions

There is increasing evidence suggesting that DCs
involved in antigen presentation play a crucial role in
allergic diseases, such as AR, and interact with other cells
like T cells and ILC2 [35, 64—66]. To investigate whether
P-D2-EVs treat AR by influencing DCs, T cells, and ILC2,
we first validated the annotation of DCs, T cells, and
ILC2 (Fig. S5). Subsequently, using Seurat, we calculated
the proportions of different cell types in the Model group
and the Model+ P-D2-EVs group (Fig. 3A). Compared to
the Model group, the Model +P-D2-EVs group exhibited
decreased levels of DCs, T cells, and ILC2.

To further validate the specific pathways of P-D2-EVs
in treating AR through DCs, T cells, and ILC2, we per-
formed pseudo-time analysis on DC subpopulations
using the "monocle" package to construct cell trajectories
over time and studied the differences in DCs between
pre-and post-treatment with P-D2-EVs. The results
revealed that DCs could be divided into three distinct
expression patterns or branches based on highly variable
genes (Fig. 3B). Visualization using pseudo-time indi-
cated that the trajectory of DCs over time shifted from

(See figure on next page.)
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State 1 to State 3 (Fig. 3C). Furthermore, when displaying
cells by different groups, State 1 appeared to be a unique
state in the Model+ P-D2-EVs group during the recruit-
ment or activation process of DCs (Fig. 3D). Subse-
quently, we plotted gene expression-pseudo-time curves
for marker genes of DCs, which demonstrated a signifi-
cant decrease in the expression of Igtax (Cdllc), Cd80,
and Cd86 in DCs of State 1 along the trajectory over time
(Fig. 3E). This suggests that P-D2-EVs may treat AR by
inhibiting the recruitment or activation of DCs.

Moreover, we conducted a pseudo-time analysis on T
cells. Based on highly variable genes, T cells were divided
into five states, with the trajectory of T cells transitioning
from State 1 to State 4 (Fig. 3F, G). States 2 and 3 rep-
resented specific branches of T cell differentiation in the
Model +P-D2-EVs group (Fig. 3H). T cells are typically
differentiated into cytotoxic T cells (CD8*T) and helper
T cells (CD4" T), with CD4" T cells further differentiat-
ing into regulatory T cells (Treg), helper T cell 1 (Thl),
helper T cell 2 (Th2), and helper T cell 17 (Th17) [67].
Subsequently, we plotted gene expression-pseudo-time
curves for marker genes of different T cell subtypes in
various differentiation directions. The results revealed a
significant decrease in the expression of Th2 cell marker
genes Stat6 and Gata3 in States 2 and 3, while the expres-
sion of marker genes for CD8T cells (Cd8a), CD4* T
cells (Cd4), Treg cells (Foxp3, I12ra also known as Cd25),
Th1 cells (Tbx21 also known as T-bet), and Th17 cells
(Stat3, Rora) remained relatively stable (Fig. 3I). This sug-
gests that a key mechanism of P-D2-EVs in treating AR
may be inhibiting the differentiation of T cells into Th2
cells.

Furthermore, a pseudo-time analysis of ILC2 revealed
that they can be classified into five distinct states. The
temporal trajectory of their transitions is observed
from state 1 to state 3 (Fig. 3], K). In the process of
ILC2 activation, state 1 is a unique branch specific to
the Model+P-D2-EVs group (Fig. 3L). Notably, the

Fig. 3 Pseudotime analysis of DCs and T cell subpopulations. A Proportions of different cell subpopulations in different groups (n=3), represented
by different colors. B Cell trajectory differentiation diagram for DCs, where different colors represent different states. C Pseudotime visualization

of DC cell trajectories, with darker colors indicating earlier time points. D Cell trajectory visualization of DCs in different groups (n=3), with different
colors representing different groups. E Pseudo-temporal expression curves for DC cell marker genes Igtax, Cd80, and Cd86, with time on the x-axis
and gene expression levels on the y-axis. F Cell trajectory differentiation diagram for T cells, where different colors represent different states. G
Pseudotime visualization of T cell trajectories, with darker colors indicating earlier time points. H Cell trajectory visualization of T cells in different
groups (n=13), with different colors representing different groups. I Pseudo-temporal expression curves for marker genes associated with different
T cell differentiation directions, with time on the x-axis and gene expression levels on the y-axis. J Cell trajectory differentiation map of ILC2,

where different colors represent different states. K Visualizing the cell trajectory map of ILC2 in pseudo-time, with darker colors indicating earlier
time points. L Visualization of ILC2 cell trajectories using different grouped samples (n=3), where different colors represent different groups. M
Pseudo-time curve of gene expression of Gata3, a marker gene for ILC2 cells, with time on the x-axis and gene expression level on the y-axis.

N Interaction relationships between cells in the Model group samples (n=3), with line thickness representing the strength of the interactions.

O Interaction relationships between cells in the Model + P-D2-EVs group samples (n=3), with line thickness representing the strength

of the interactions



Liu et al. Journal of Nanobiotechnology (2024) 22:575 Page 15 of 33

—
_—
==

odar
ol

Foxp3 li2ra Thx21

Fig. 3 (Seelegend on previous page.)



Liu et al. Journal of Nanobiotechnology (2024) 22:575

pseudo-time gene expression curve demonstrated that
the transcription factor Gata3, a marker of ILC2 activa-
tion, exhibits significantly decreased expression in state 1
(Fig. 3M). This indicates a potential role of P-D2-EVs in
the therapeutic effect of AR by inhibiting ILC2 activation.

To gain further insight into the regulatory mechanisms
underlying the therapeutic effect of P-D2-EVs on AR, we
employed the "CellChat" package to investigate the cellu-
lar communication between DCs, T cells, and ILC2 cells.
The results revealed reduced interactions between DCs
and T cells, as well as between T cells and ILC2 cells in
the Model+P-D2-EVs group nasal tissue compared to
the Model group nasal tissue (Fig. 3N, O). This suggests
that P-D2-EVs treatment weakens the cellular commu-
nication between DCs and T cells, as well as between T
cells and ILC2.

Taken together, these findings indicate that the key reg-
ulatory mechanism of P-D2-EVs in treating AR is likely
associated with the inhibition of DC recruitment and
activation, which in turn affects their function and weak-
ens their crosstalk with T cells, ultimately leading to the
suppression of Th2 differentiation and the subsequent
inhibition of ILC2 activation.

P-D2-EVs crucially regulate DC function in the treatment

of AR via Fut1

To further investigate the specific mechanism of P-D2-
EVs in treating AR, we performed differential analysis on
the DCs subpopulation from single-cell RNA sequenc-
ing data and identified 335 differentially expressed genes
(ScCRNA-DEGs), with 159 genes upregulated and 176
genes downregulated (Fig. S6A). Venn diagram analysis
revealed 27 overlapping genes between ScRNA-DEGs
and differentially expressed genes (DEGs) from tran-
scriptomic analysis (Fig. S6B). Subsequently, we extracted
9 commonly differentially expressed genes (B-DEGs)
from the intersection of genes that are either upregu-
lated or downregulated in both single-cell and transcrip-
tomic data. Among them, 6 genes (Mrcl, Cdhl, Clecl0a,
Scimp, Ckb, Gsn) showed high expression at both levels,
while 3 genes (Hopx, Kdr, Futl) showed low expression
(Fig. S6C, D).

Further examination of the differential expression pat-
tern of B-DEGs revealed that Futl exhibited the most
significant differential expression at both single-cell
and transcriptomic levels (Fig. S6E, F). GO enrichment
analysis indicated that B-DEGs were primarily enriched
in biological processes such as trophectodermal cell dif-
ferentiation, cellular components like myelin sheath, and
molecular functions, including cadherin binding (Fig.
S6G). Additionally, KEGG enrichment analysis revealed
that B-DEGs were mainly enriched in the Rapl signal-
ing pathway, whereas Futl was primarily involved in
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signaling pathways such as Glycosphingolipid biosynthe-
sis—globo and isoglobo series (Fig. S6H).

In summary, these results demonstrate that Futl may
serve as a key gene regulating the functionality of DCs
in the process of P-D2-EVs treatment for AR, potentially
exerting its effects through involvement in glycosylation.

P-D2-EVs regulate the activation and differentiation of DCs
by inhibiting Fut1

The results of our bioinformatics analysis suggest that
P-D2-EVs may play a crucial role in AR therapy by mod-
ulating the activation of DCs. Futl is a key factor that
affects the functionality of DCs. To validate this conclu-
sion further, we first used flow cytometry to detect the
percentage of DCs in nasal tissues of control mice, model
mice, and model mice treated with P-D2-EVs. The results
showed that the proportion of DCs in the model mice
treated with P-D2-EVs was restored compared to the
model mice (Fig. 4A). Subsequently, further flow cytom-
etry analysis revealed that the proportion of Ki67-posi-
tive cells in DCs of the nasal tissues of model mice was
significantly increased compared to the control group,
which was reversed by P-D2-EVs treatment in model
mice (Fig. 4B). This result is consistent with the expres-
sion level of Ki67 mRNA in DCs detected by RT-qPCR
(Fig. 4C). These results suggest that P-D2-EVs inhibit
the recruitment and activation of DCs in AR mice nasal
tissues.

Next, we conducted RT-qPCR and Western blot analy-
sis on sorted nasal tissue DCs. The results showed that
compared to the control group, the mRNA and protein
expression of Futl in DCs of the model group were sig-
nificantly upregulated, which was effectively reversed by
P-D2-EVs treatment (Fig. 4D, E). This further validates
that Futl is a key factor regulated by P-D2-EVs in modu-
lating the functionality of DCs.

To further investigate the impact of P-D2-EVs on DCs,
we extracted mouse bone marrow cells and induced their
differentiation into immature iDCs with the addition
or absence of P-D2-EVs, GM-CSE, and IL-4 (Fig. S7A).
Flow cytometry analysis revealed that in the iDCs group,
P-D2-EVs treatment inhibited the increase in the mean
fluorescence intensity of surface markers CD86, CD80,
MHC-II, and CD11c induced by GM-CSF and IL-4 (Fig.
S7B). This suggests that P-D2-EVs suppress the differen-
tiation of DCs.

To further study the effect of P-D2-EVs on the matura-
tion of DCs, we added or did not add P-D2-EVs to the
differentiation of mouse bone marrow cells into iDCs
induced by GM-CSF and IL-4 and further induced their
differentiation into mature dendritic cells (mDCs) with
the addition of LPS (Fig. S7C). Flow cytometry results
showed that the addition of P-D2-EVs did not affect the
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Fig.4 The impact of P-D2-EVs on DCs activation and metabolism through the regulation of Fut1. A Flow cytometric analysis of the percentage

of DCs in nasal tissue of each mouse group (n=6). B Flow cytometric analysis of the percentage of Ki67-positive cells in DCs of each mouse group
(n=6). CRT-gPCR analysis of Ki67 mRNA expression in DCs of different mouse groups (n=6). D RT-qPCR analysis of FutT mRNA expression in DCs
of different mouse groups (n=6). E Western blot analysis of Fut1 protein expression in DCs of different mouse groups (n=6). F Flow cytometric
analysis of the percentage of IL10-positive cells in DCs of each mouse group (n=6). G RT-gPCR analysis of IL10 mRNA expression in DCs of different
mouse groups (n=6). H RT-gPCR analysis of IL10 mRNA expression in different treated mDCs. | ELISA analysis of IL10 levels in the supernatant

of different treated mDCs. J Flow cytometric analysis of intracellular IL-10 levels in different treated mDCs. K The schematic diagram illustrates

the treatment methods of NC-OE-mDCs, Fut1-OE-mDCs, NC-OE-mDCs + P-D2-EVs, and Fut1-OE-mDCs + P-D2-EVs, as well as sh-NC-mDCs,
sh-Fut1-mDCs, sh-NC-mDCs + P-D2-EVs, and sh-Fut1-mDCs + P-D2-EVs. L Detection of Fut1 overexpression efficiency in iDCs using RT-gPCR. M
Detection of IL10 mRNA expression in mDCs from different treatment groups using RT-gPCR. N Analysis of IL10 levels in the supernatant of mDCs
from different treatment groups through ELISA. O Analysis of intracellular IL-10 levels in mDCs from different treatment groups using flow cytometry
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expression of surface markers in mDCs compared to the
mDCs group (Fig. S7D). This indicates that P-D2-EVs do
not affect the mature phenotype of DCs.

Research has shown a close correlation between the
induction of IL10 secretion by DCs and the inhibition
of Th2 immune response in T cells [38]. Therefore, to
investigate the impact of P-D2-EVs on IL10 metabo-
lism in DCs, we conducted flow cytometry analysis and
found a significant decrease in the percentage of IL10-
positive cells in the nasal tissue of Model mice compared
to the Control group. However, treatment with P-D2-
EVs in Model mice appeared to reverse this phenom-
enon (Fig. 4F). RT-qPCR analysis of IL10 expression in
DCs of different groups of mice revealed that P-D2-EVs
significantly blocked the mRNA expression suppression
of IL10 induced by OVA in AR mice (Fig. 4G). In addi-
tion, in vitro cell experiments confirmed that the mRNA
expression of IL10 was significantly upregulated in the
P-D2-EVs+mDCs group compared to the mDCs group
(Fig. 4H). Furthermore, ELISA and flow cytometry con-
firmed the induction of IL10 production in mDCs treated
with P-D2-EVs, both in the cell supernatant and intracel-
lularly (Fig. 41, J).

To further explore the relationship between Futl
expression and the regulation of DCs metabolic func-
tion by P-D2-EVs, we prepared adenoviral vectors over-
expressing Futl (Futl-OE) and empty adenoviral vectors
(NC-OE), which were transfected into iDCs and then co-
induced with LPS with or without the addition of P-D2-
EVs to induce iDC maturation (Fig. 4K). The efficiency
of Futl overexpression was validated (Fig. 4L). RT-qPCR
analysis revealed that Futl overexpression in the Futl-
OE-mDCs+P-D2-EVs group reversed the upregulation
of IL10 mRNA expression in mDCs treated with P-D2-
EVs compared to the NC-OE-mDCs+ P-D2-EVs group
(Fig. 4M. Moreover, the results of ELISA and flow cytom-
etry detecting IL10 levels in the cell supernatant and
intracellularly were consistent with this finding (Fig. 4N,
O). This suggests that Futl is a key gene involved in the
regulation of IL10 expression in DCs by P-D2-EVs.

(See figure on next page.)
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In summary, P-D2-EVs reshape the metabolic function
of DCs by inhibiting Futl expression and promoting IL10
expression, while overexpression of Futl can counteract
this process.

P-D2-EVs modulate a-(1,2)-fucosylation of ICAM1

to downregulate DCs inhibition

DCs are capable of antigen presentation and formation
of cell clusters with T cells, thereby activating T cells.
This process is closely related to the adhesion molecule
ICAM1 on DCs [68, 69]. Glycosylation of ICAML is also
crucial for cell adhesion in inflammatory responses [70—
73]. Fucosylation is one of the most important types of
glycosylation and serves as a post-translational modifi-
cation for polysaccharides, proteins, and lipids. A study
found that Futl, as an a-(1,2)-fucosyltransferase, can pro-
mote ICAM1 fucosylation and impact cell adhesion [52].
However, the role of Futl in the regulation of DCs func-
tion through fucosylation of ICAM1 and its involvement
in the regulation of Th2 differentiation of T cells remains
unclear.

To further investigate the specific mechanism of P-D2-
EVs in reshaping DCs metabolism through the media-
tion of Futl, we first conducted Western blot analysis
of a-(1,2)-fucosylated protein enriched with Ulex Euro-
pean Agglutinin 1 (UEAL) in differently treated mDCs
(Fig. 5A). Western blot analysis of a-(1,2)-fucosylated
ICAM1 in mDCs showed that compared to the mDCs
group, the P-D2-EVs+mDCs group exhibited a decrease
in the total protein input of Futl, while the total protein
input of ICAM1 did not show a significant difference.
However, the a-(1,2)-fucosylation of ICAM1 was signifi-
cantly reduced in the P-D2-EVs+mDCs group (Fig. 5B).
Immunoprecipitation (IP) of ICAM]1, followed by West-
ern blot analysis with UEA1, demonstrated a reduction
in the binding between UEA1 and ICAMI1 in mDCs
treated with P-D2-EVs (Fig. 5C). Moreover, fluorescence
co-localization analysis of ICAM1 and UEAI revealed
that the fluorescence intensity of co-localized UEA1
and ICAMI1 (yellow color) was significantly lower in the

Fig. 5 Influence of P-D2-EVs on Fut1-mediated fucosylation of ICAM1. A Western blot analysis of UEA-1-enriched mDCs under different treatments.
B Western blot analysis and quantification of a-(1,2)-fucosylation status of ICAM1 protein in each group after UEA-1 enrichment. C IP-based
detection and quantification of ICAM1 binding to UEAT in each group. D Immunofluorescence co-localization (yellow) and quantification of UEA1
and ICAM1, with DAP()) staining the cell nucleus in blue, scale bar=25 um. E Western blot analysis and quantification of a-(1,2)-fucosylation

status of ICAM1 protein in each group after UEA-1 enrichment. F IP-based detection and quantification of ICAM1 binding to UEAT in each

group. G Immunofluorescence co-localization (yellow) and quantification of UEA1 and ICAM1, with DAP(I) staining the cell nucleus in blue, scale
bar=25 um. H Schematic representation of Fut1-OE-iDCs treated with 2DGal; (1) Western blot analysis and quantification of a-(1,2)-fucosylation
status of ICAM1 protein in each group after UEA-1 enrichment. J IP-based detection and quantification of ICAM1 binding to UEAT in each group. K
Immunofluorescence co-localization (yellow) and quantification of UEAT and ICAM1, with DAP()) staining the cell nucleus in blue, scale bar=25 um;
UEAT1: Ulex europaeus agglutinin 1, 2DGal: 2-deoxy-p-galactose. * indicates statistical significance compared to the control group or between two

groups, with P <0.05; all experiments were repeated three times
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P-D2-EVs+mDCs group compared to the mDCs group
(Fig. 5D). These results suggest that P-D2-EVs can inhibit
a-(1,2)-fucosylation of ICAM1 in DCs.

To investigate the role of P-D2-EVs in regulating
ICAM1 fucosylation through Futl further, Western blot
analysis was performed using UEA-1-enriched samples.
The results revealed that the overexpression of Futl
in Futl-OE-mDCs+P-D2-EVs reversed the inhibitory
effect of P-D2-EVs treatment on the a-(1,2)-fucosylation
of ICAM1 (Fig. 5E). Furthermore, immunoprecipita-
tion (IP) assays demonstrated that Futl overexpression
restored the protein binding of UEA1 and ICAM1, which
had been reduced by P-D2-EVs treatment in the NC-
OE-mDCs+P-D2-EVs group (Fig. 5F). Consistent with
these findings, fluorescence co-localization of UEA1 and
ICAM1 confirmed the same conclusion (Fig. 5G). These
results indicate that Futl overexpression counteracts the
inhibitory effect of P-D2-EVs on the a-(1,2)-fucosylation
of ICAM1 in DCs.

To further validate the regulatory effect of Futl on
ICAM1 fucosylation, we induced the maturation of iDCs
by co-treating with the a-(1,2)-fucosylation inhibitor,
2-deoxy-D-galactose (2DGal), and LPS (Fig. 5H). We
found that the addition of 2DGal could counteract the
upregulation of a-(1,2)-fucosylation of ICAM1 mediated
by Futl overexpression in Futl-OE-mDCs, restoring the
binding and fluorescence co-localization of UEA1 and
ICAM1 (Fig. 5I-K. Importantly, the presence of 2DGal
did not affect the total protein expression of Futl in the
Futl-OE-mDCs +2D@Gal group (Fig. 5I).

Taken together, these findings demonstrate that
P-D2-EVs exert their inhibitory effect on the a-(1,2)-
fucosylation of ICAM1 in DCs by downregulating the
expression of Futl.

P-D2-EVs inhibit activation of the P38 MAPK signaling

pathway by modulating ICAM1 alginate glycosylation

The inactivation of the P38 MAPK signaling pathway can
regulate the metabolism of DCs and block the activation
of T cells [74]. To further investigate whether P-D2-EVs
can inhibit the activation of the P38 MAPK signaling
pathway by mediating the inhibition of ICAM1 alginate
glycosylation through Futl, we first examined the regu-
latory effect of P-D2-EVs on the P38 MAPK signaling
pathway. Western blot analysis revealed that treatment
with P-D2-EVs downregulated the ratio of phosphoryl-
ated P38 (p-P38) to P38 compared to the NC-OE-mDCs
group, while overexpression of Futl reversed the inhibi-
tory effect of P-D2-EVs on p-P38/P38 (Fig. 6A). This indi-
cates that overexpression of Futl significantly restores
the inhibitory effect of P-D2-EVs on the activation of
the P38 MAPK pathway. Furthermore, in comparison
to the Futl-OE-mDCs group, treatment with 2DGal,

Page 20 of 33

an inhibitor of ICAM1 a-(1,2)-alginate glycosylation,
reversed the increase in p-P38/P38 ratio caused by Futl
overexpression (Fig. 6B). This suggests that Futl activates
the P38 MAPK pathway by promoting ICAM1 a-(1,2)-
alginate glycosylation.

To further investigate whether P-D2-EVs regulate
DC metabolism by mediating the influence of Futl on
ICAM1 alginate glycosylation, RT-qPCR revealed that
the use of 2DGal on the basis of Futl overexpression sig-
nificantly restored the downregulation of IL10 mRNA
expression caused by Futl overexpression (Fig. 6C).
Additionally, ELISA and flow cytometry confirmed that
2DGal treatment reversed the inhibitory effect of Futl-
OE-mDCs on IL10 production, both in the culture
supernatant and intracellularly (Fig. 6D, E). These results
indicate that P-D2-EVs reshape the metabolism of DCs
by downregulating the expression of Futl and inhibiting
ICAM1 alginate glycosylation.

To further validate the correlation between the P38
MAPK signaling pathway and ICAMI1-mediated reg-
ulation of DC metabolism, we conducted a rescue
experiment of the P38 MAPK pathway using the P38
MAPK activator Anisomycin (Fig. 6F). Western blot
analysis showed that Anisomycin treatment in the
mDCs+2DGal+ Anisomycin group blocked the inhibi-
tory effect of 2DGal, an inhibitor of ICAMI1 a-(1,2)-
alginate glycosylation, on the P38 MAPK pathway
(Fig. 6G). RT-qPCR results indicated that the use of
Anisomycin in the mDCs+2DGal+ Anisomycin group
restored the upregulation of IL10 mRNA expression
caused by 2DGal treatment (Fig. 6H). Moreover, ELISA
and flow cytometry analysis yielded consistent results
regarding the levels of IL10 in the culture supernatant
and intracellularly (Fig. 61, J). This validates that the acti-
vation of the P38 MAPK pathway reverses the inhibitory
effects of ICAMI1 alginate glycosylation on the reshaping
of IL10 metabolism.

These findings demonstrate that P-D2-EVs inhibit
the activation of the P38 MAPK signaling pathway by
downregulating Futl expression and inhibiting ICAM1
a-(1,2)-alginate glycosylation, ultimately improving the
metabolic function of DCs regarding IL10.

P-D2-EVs suppress Th2 differentiation by inhibiting

the Fut1/ICAM1/P38 MAPK pathway in DCs

To investigate the impact of P-D2-EVs on the prim-
ing capacity of mDCs for Th2 immune response fur-
ther, co-culture experiments were conducted between
mDCs and CD4" T cells (Fig. 7A). IL-4 is a hallmark
secretion factor of Th2 cells, while GATA3 serves as a
marker gene for Th2 differentiation [75]. Flow cytom-
etry results revealed that co-culture of mDCs with
CD4" T cells significantly increased the percentages
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Fig. 6 Influence of P-D2-EVs on DC metabolism via the Fut1/ICAM1/P38 MAPK pathway. A, B Quantification of p-P38 and P38 expression, as well
as the p-P38/P38 ratio, in mDCs from different treatment groups using Western blot. € mRNA expression of IL10 in mDCs from different treatment
groups measured by RT-gPCR. D Levels of IL10 in the supernatant of mDCs from different treatment groups analyzed using ELISA. E Analysis

of intracellular IL-10 levels in mDCs from different treatment groups using flow cytometry. F Schematic representation of the culture conditions
for mDCs, mDCs + 2DGal, and m + 2DGal + Anisomycin groups. G Quantification of p-P38 and P38 expression, as well as the p-P38/P38 ratio,

in mDCs from different treatment groups using Western blot. H mRNA expression of IL10 in mDCs from different treatment groups measured

by RT-gPCR. I Levels of IL10 in the supernatant of mDCs from different treatment groups analyzed using ELISA. J Analysis of intracellular IL-10
levels in mDCs from different treatment groups using flow cytometry; 2DGal: 2-deoxy-p-galactose; *indicates statistical significance compared

to the control group or between two groups, with P <0.05; all experiments were repeated three times

of IL-4 and GATA3 in CD4" T cells, compared to the
CD4* T cell-only group. However, the co-culture of
P-D2-EV-treated mDCs (P-D2-EV-mDCs) with CD4"
T cells reversed this phenomenon (Fig. 7B). RT-qPCR
analysis of mRNA expression in CD4" T cells after co-
culture showed consistent results with flow cytometry

(Fig. 7C). Furthermore, ELISA measurement of IL-4
levels in the supernatant after co-culture demonstrated
that P-D2-EV-treated mDCs impeded the upregula-
tion of IL-4 by mDCs (Fig. 7D). These findings suggest
that LPS-induced mature mDCs promote CD4™1 T cell
differentiation towards Th2 cells, whereas P-D2-EVs
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treatment inhibits the priming capacity of mDCs for
Th2 differentiation.

Subsequently, to investigate whether P-D2-EVs modu-
late Th2 differentiation through the Futl/ICAM1/P38
MAPK pathway in DCs, flow cytometry analysis of co-
cultured CD4" T cells was performed. It was discovered
that co-culture of P-D2-EV-treated mDCs overexpress-
ing Futl (P-D2-EV-Futl-OE-mDCs) with CD4" T cells
restored the percentages and mRNA expression of IL-4
and GATA3 in CD4" T cells, compared to the CD4" T
cells co-cultured with P-D2-EV-negative control overex-
pressing mDCs (Fig. 7E, F). Additionally, ELISA analysis
of the supernatant from the co-culture showed that Futl
overexpression prevented the inhibitory effect of P-D2-
EV-treated mDCs on IL-4 secretion (Fig. 7G). These
results indicate that P-D2-EVs suppress Th2 differentia-
tion by inhibiting the Futl/ICAM1/P38 MAPK pathway
in DCs.

In order to further investigate the correlation between
P-D2-EVs and the remodeling of DCs through the Futl/
ICAM1/P38 MAPK pathway in the suppression of IL10
metabolism and Th2 differentiation, CD4" T cells were
pre-treated with IL10 receptor IL10R«a blocking anti-
body (Fig. 7H). The detection results of Th2 differentia-
tion-related indicators indicated that, compared to the
CD4* T+ mDCs group, mDCs treated with P-D2-EVs
exhibited impaired promotion of IL4 and GATA3 per-
centages and mRNA expression in CD4™ T cells, as well
as IL4 levels in the co-culture supernatant. However,
this phenomenon was reversed when CD4* T cells were
subsequently treated with IL10Ra antibody (Fig. 7I-K).
To further verify that P-D2-EVs mediated the suppres-
sion of Th2 differentiation through upregulating DCs

(See figure on next page.)
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IL10 metabolism, co-culture experiments were con-
ducted with mDCs and CD4" T cells using IL10 anti-
body (Fig. 7L). The results were consistent with those
of IL10R«a antibody treatment (Fig. 7M-O). Subse-
quently, further regulatory mechanism verification was
performed through co-culture experiments with IL10
and mDCs plus CD4* T cells (Fig. 7P). It was found
that IL10 treatment could restore the percentages and
mRNA expression of IL4 and GATA3 in CD4™ T cells,
as well as the IL4 levels in the co-culture supernatant
affected by Futl overexpression in DCs (Fig. 7Q-S).
These results indicate that P-D2-EVs reshape DCs’ IL10
metabolism to suppress Th2 differentiation by regulat-
ing the Fut1/ICAM1/P38 MAPK pathway.

To further verify the inhibitory effect of P-D2-EVs
on Th2 differentiation, Th2 cells in mouse nasal tissues
were sorted using the strategy shown in Fig. S8A. Flow
cytometry was performed to detect the percentages of
Th2 cells in CD4* T cells of the Control group, Model
group, and Model +P-D2-EVs group. It was found that
compared to the Model group, the Model+ P-D2-EVs
group showed significant restoration of the increased
proportion of Th2 cells in AR model mice after P-D2-
EVs treatment (Fig. S8B). Subsequently, further flow
cytometry analysis revealed that compared to the con-
trol group, the proportion of GATA3-positive cells
in Th2 cells of model mice nasal tissues significantly
increased, while this condition was reversed when
P-D2-EVs were used to treat model mice (Fig. S8C).
RT-qPCR was used to detect the mRNA expression of
IL4 and GATA3 in Th2 cells, further confirming the
inhibitory effect of P-D2-EVs on Th2 differentiation in
AR model mice (Fig. S8D). These results indicate that

Fig. 7 The impact of P-D2-EVs on regulating the Fut1/ICAM1/P38 MAPK pathway and IL10 metabolism in DCs on Th2 differentiation. A Schematic
representation of co-culturing mDCs with CD4* T cells. B Flow cytometric analysis of the percentage of IL4 and GATA3 in mDCs co-cultured

with CD4* T cells under different treatments. C RT-qPCR analysis of mRNA expression levels of IL4 and GATA3 in mDCs co-cultured with CD4*

T cells under different treatments. D ELISA analysis of IL4 levels in the supernatant of mDCs co-cultured with CD4* T cells under different
treatments. E Flow cytometric analysis of the percentage of IL4 and GATA3 in mDCs co-cultured with CD4* T cells under different treatments. F
RT-gPCR analysis of mRNA expression levels of IL4 and GATA3 in mDCs co-cultured with CD4* T cells under different treatments. G ELISA analysis
of IL4 levels in the supernatant of mDCs co-cultured with CD4* T cells under different treatments; * indicates statistical significance compared

to the control group or between two groups (P < 0.05); all experiments repeated three times. H Schematic diagram of co-culture of CD4+T cells
with mDCs after IL10 receptor blockade. I Flow cytometry analysis of the percentage of intracellular IL4 and GATA3 in CD4+T cells co-cultured
with mDCs under different treatments. J RT-gPCR detection of mRNA expression levels of IL4 and GATA3 in CD4+T cells co-cultured with mDCs
under different treatments. K ELISA analysis of the level of IL4 in the supernatant of co-cultures of mMDCs and CD4+T cells under different
treatments. L Schematic diagram of co-culture of CD4+T cells and mDCs with IL10 antibody. M Flow cytometry analysis of the percentage

of intracellular IL4 and GATA3 in CD4 +T cells co-cultured with mDCs and IL10 antibody under different treatments; (N) RT-gPCR detection

of MRNA expression levels of IL4 and GATA3 in CD4+T cells co-cultured with mDCs and IL10 antibody under different treatments. O ELISA analysis
of the level of IL4 in the supernatant of co-cultures of mDCs and CD4+T cells with IL10 antibody. P Schematic diagram of co-culture of CD4+T cells
and mDCs with IL10. Q Flow cytometry analysis of the percentage of intracellular IL4 and GATA3 in CD4+T cells co-cultured with mDCs and IL10
under different treatments. R RT-gPCR detection of mRNA expression levels of IL4 and GATA3 in CD4 +T cells co-cultured with mDCs and IL10
under different treatments. S ELISA analysis of the level of IL4 in the supernatant of co-cultures of mDCs and CD4 +T cells with IL10; *indicates

a significant difference between two groups with P <0.05, all experiments were repeated three times
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P-D2-EVs inhibit the differentiation and activation of
Th2 cells in AR mice.

In conclusion, P-D2-EVs inhibit Th2 differentiation
in AR mice by suppressing the activation of the Futl/
ICAM1/P38 MAPK pathway, promoting DCs’ IL10
metabolism.

The impact of P-D2-EVs on ILC2 activation

through the mediation of DCs-mediated Th2

differentiation

There is a close cellular crosstalk between Th2 cells and
ILC2 cells, and the activation of ILC2 cells is closely
related to the pathogenesis of allergic inflammation [75,
76]. Therefore, we further investigated the influence of
P-D2-EVs on ILC2 activation through the mediation of
DCs-mediated Th2 differentiation.

Initially, ILC2 cells were isolated from the nasal-asso-
ciated lymphoid tissue (NALT) of mice and co-cultured
with mDCs and CD4" T cells in the conditioned medium
(Fig. 8A). Induction and blockade experiments were con-
ducted by pre-treating with an anti-IL4Ra antibody or
adding IL4 and IL4 antibodies during co-culture (Fig. 8B,
C). IL-13 and IL-5 are secretion factors characteristic of
ILC2, with GATAS3 serving as a key gene marker for ILC2
activation [75]. Analysis through flow cytometry and RT-
qPCR revealed that, compared to co-cultures of ILC2 and
CD4* T cells, the supernatant from co-cultures of CD4"
T cells and myeloid dendritic cells (mDCs) significantly
upregulated the levels of IL-5, IL-13, and GATA3 in ILC2,
both in terms of percentages and mRNA expression.
Conversely, the supernatant from co-cultures of mDCs
and CD4" T cells treated with P-D2-derived EVs con-
spicuously blocked this upregulation effect. Furthermore,
treatment with IL-4 was found to reverse the inhibitory
effect of P-D2-derived EVs (Fig. 8D, E). This suggests that
P-D2-EVs may inhibit ILC2 activation through the medi-
ation of DCs-mediated Th2 differentiation. Consistent
results were obtained using ELISA to measure the levels
of IL13 and IL5 in the conditioned medium (Fig. 8F).

In order to further validate the correlation between
P-D2-EVs regulation of DCs in inhibiting Th2 differentia-
tion and the inactivation of the Futl/ICAM1/P38 MAPK
signaling pathway, we examined the effect of co-culture
supernatants of Futl overexpressing mDCs and CD4" T
cells on ILC2 activation. Flow cytometry results showed
that compared to the ILC2TCD4" T+NC-OE-mDCs
group, the co-culture supernatants of Futl overexpress-
ing mDCs and CD4" T cells upregulated the percentage
and mRNA expression of IL5, [L13 and GATA3 in ILC2,
as well as the level of IL5, IL13 in the cell supernatant.
However, this upregulation was significantly counter-
acted by co-incubation with IL4-neutralizing antibodies
and also attenuated by pre-treatment of ILC2 cells with
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IL4Ra blocking antibodies (Fig. 8G-I). These results
further confirm that P-D2-EVs inhibit DCs through the
Fut1l/ICAM1/P38 MAPK axis, thus reducing Th2 differ-
entiation and ultimately inhibiting ILC2 activation.

Following this, we further investigated the inhibitory
effect of P-D2-EVs on ILC2 activation in AR mice. We
used flow cytometry to isolate ILC2 (CD45+ Lineage-
KLRG1+CD90.2 +Lymphocytes) from mouse nasal
tissues (Fig. S9A). Flow cytometry analysis of ILC2 in
nasal tissues of the Control group, Model group, and
Model + P-D2-EVs group revealed that compared to the
Model group, the Model+P-D2-EVs group exhibited a
significant reduction in the proportion of ILC2 cells (Fig.
S9B). Subsequent flow cytometry analysis found that
compared to the Control group, the proportion of 1L13
and GATA3 positive cells in ILC2 of the Model group
significantly increased, but treatment with P-D2-EVs
reversed this effect in the Model mice (Fig. S9C). RT-
qPCR analysis of IL13 and GATA3 mRNA expression
in ILC2 further confirmed the inhibitory effect of P-D2-
EVs on ILC2 activation in the AR model mice (Fig. S9D).
These results suggest that P-D2-EVs inhibit ILC2 activa-
tion in AR mice.

Based on the above results, it is evident that P-D2-EVs
reshape DC metabolism to suppress Th2 differentia-
tion by inhibiting the activation of the Futl/ICAM1/P38
MAPK pathway, thereby inhibiting ILC2 activation in AR
mice.

P-D2-EVs alleviate AR by modulating the Fut1/ICMA1/P38
mapk pathway
To investigate the regulatory mechanism of P-D2-EVs
in treating AR in mice further, we established an AR
mouse model by transferring DCs (Fig. S10). Com-
pared to the Model+P-D2-EVs+NC-OE-mDCs group,
the Model+P-D2-EVs+Futl-OE-mDCs group exhib-
ited a significant increase in the frequency of nose rub-
bing and sneezing in mice (Fig. 9A). Additionally, in the
Model + P-D2-EVs + Fut1-OE-mDCs group, the overex-
pression of Futl in DCs restored the inhibitory effect of
P-D2-EVs on total cell count in NALF, serum OVA-spe-
cific IgE levels, and goblet cell percentage (Fig. 9B-D).
H&E staining results demonstrated that compared to
the Model +P-D2-EVs+NC-OE-mDCs group, Futl-OE-
mDCs treatment in the Model+ P-D2-EVs+ Futl-OE-
mDCs group hindered the improvement of P-D2-EVs
on the number of eosinophils in the OVA-induced nasal
mucosa, nasal mucosal thickness, and neutrophil infiltra-
tion (Fig. 9E, F). These results indicate that Futl overex-
pression in DCs can counteract the therapeutic effect of
P-D2-EVs on AR.

Moreover, we explored the expression of Futl/ICMA1/
P38 MAPK pathway-related factors in nasal tissue.
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Compared to the Control group, the Model group signifi-
cantly upregulated Futl expression, the ratio of p-P38/
P38, and promoted ICAM1 fucosylation; however, P-D2-
EVs treatment reversed this phenomenon (Fig. 9G-I).
Subsequently, we measured the expression of DCs, Th2,
ILC2-related genes and the levels of secreted markers in
nasal tissue by RT-qPCR and ELISA. The results showed
that compared to the Model group, P-D2-EVs treatment
in the Model + P-D2-EVs group blocked the suppression
of IL10 expression and secretion, promoted the expres-
sion and secretion of IL4 and IL13, and upregulated
GATA3 expression in OVA-induced mice (Fig. 9], K).
This suggests that P-D2-EVs downregulate ILC2 activa-
tion by mediating metabolic inhibition of Th2 differen-
tiation through the inactivation of the Futl/ICMA1/P38
MAPK pathway in DCs.

To further investigate this regulatory mechanism, we
utilized Western blot analysis to compare the expression
levels of Futl, the ratio of p-P38/P38, and the fucosylation
of ICAM1 in DCs between the Model +P-D2-EVs+NC-
OE-mDCs group and the Model+P-D2-EVs+ Futl-
OE-mDCs group (Fig. 9L-N). Our results showed that
overexpressing Futl in DCs significantly restored the
expression of Futl, the p-P38/P38 ratio, and the fucosyla-
tion of ICAM1, which were improved by P-D2-EVs. Fur-
thermore, the intervention of Futl overexpressing mDCs
counteracted the regulatory effects of P-D2-EVs on IL10,
IL4, IL13, and GATA3 expression and secretion (Fig. 90,
P). Additional in vivo experiments confirmed the inhibi-
tory effect of P-D2-EVs on the activation of the Futl/
ICAM1/P38 MAPK pathway.

Subsequently, we isolated DCs, Th2, and ILC2 cells
from mouse nasal tissues and analyzed them through
flow cytometry. Compared to the Model + NC-OE-mDCs
group, treatment with P-D2-EVs in the Model+P-D2-
EVs+NC-OE-mDCs group reduced the proportions of

(See figure on next page.)
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DCs, Th2, and ILC2 cells. Additionally, it increased the
proportion of IL10-positive cells in DCs, decreased the
proportion of GATA3-positive cells in Th2 cells, and
downregulated the percentage of IL13 and GATA3-
positive cells in ILC2 (Fig. 10A-G). Moreover, when
Futl overexpressing mDCs were used to block the
trend changes induced by P-D2-EVs treatment in the
Model +P-D2-EVs + NC-OE-mDCs group, the results
remained consistent. These findings further confirm that
P-D2-EVs reshape DCs’ IL10 metabolism, inhibit Th2 dif-
ferentiation, and dampen ILC2 activation by suppressing
the Futl/ICAM1/P38 MAPK pathway.

Overall, our results demonstrate that the novel MSCs
nanovesicles P-D2-EVs alleviate AR by inhibiting the
activation of the Futl/ICAM1/P38 MAPK pathway,
restoring DCs’ IL10 metabolism, inhibiting Th2 differen-
tiation, and reducing ILC2 activation.

Discussion

AR is a common immune-mediated disease involving the
activation and interaction of various immune cells [7, 8,
77]. Existing treatment methods for AR have limited con-
trol efficacy, highlighting the need for new therapeutic
strategies. In recent years, MSC-derived nanovesicles,
known as MSCs nanovesicles, have shown potential in
the treatment of immune-mediated diseases [78-80].
This study aims to explore the interaction between P-D2-
EVs nanovesicles and DCs, Th2, and ILC2 through single-
cell and transcriptomic sequencing analysis. The goal is
to uncover novel mechanisms of nanovesicle therapy for
AR.

In this study, we prepared MSCs nanovesicles, spe-
cifically targeted to DCs, named P-D2-EVs. These
nanovesicles were comprehensively characterized and
subjected to in vivo and in vitro tracer analysis, con-
firming their effective targeting of DCs [81-84]. This

Fig. 9 In vivo validation of the regulatory mechanism of P-D2-EVs. A Number of nasal itching and sneezing events within 2 h after the final
intranasal OVA administration in each group of mice (n=6). B Total cell count in NALF of each group of mice (n=6). C OVA-specific serum IgE levels
in each group of mice (n=6). D Representative PAS staining images (scale bar=100 um) and quantification of PAS-positive goblet cells in nasal
tissue of each group of mice (n=6). E Representative H&E staining images (scale bar=100 um or 25 um) of nasal tissue, as well as quantification

of eosinophils and nasal mucosal thickness, with the red arrow indicating nasal mucosa (n=6). F Representative images (scale bar=25 pm)

and quantification of neutrophil infiltration in nasal mucosa of each group of mice, with the black arrow indicating positive cells (n=6). G Protein
expression and quantification of Fut1, p-P38, and P3J8 in nasal tissue of each group of mice as detected by Western blotting (n=6). H a-(1,2)-Fucose
glycosylation status and quantification of ICAM1 protein in nasal tissue of each group of mice as detected by Western blotting following UEA-1
enrichment (n=6). I Binding and quantification of ICAM1 and UEAT1 in nasal tissue of each group of mice as detected by co-immunoprecipitation
(n=6). J Expression and quantification of IL10, IL4, IL13, and GATA3 in nasal tissue of each group of mice as detected by RT-qPCR (n=6). K Levels

of IL10, IL4, and IL13 in serum of each group of mice as detected by ELISA (n=6). L Protein expression and quantification of Fut1, p-P38, and P3J8
in nasal tissue of each group of mice as detected by Western blotting (n=6). M a-(1,2)-Fucose glycosylation status and quantification of ICAM1
protein in nasal tissue of each group of mice as detected by Western blotting following UEA-1 enrichment (n=6). N Binding and quantification

of ICAM1 and UEAT in nasal tissue of each group of mice as detected by co-immunoprecipitation (n=6). O Expression and quantification of IL10,
IL4, 1L13, and GATA3 in nasal tissue of each group of mice as detected by RT-gPCR (n=6). P Levels of IL10, IL4, and IL13 in serum of each group

of mice as detected by ELISA (n=6); NALF nasal lavage fluid; *indicates significant difference between two groups with P<0.05
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of the molecular mechanism underlying the improvement of AR by P-D2-EVs

characteristic provides a solid foundation for the appli-
cation of nanovesicles in AR treatment and suggests
that P-D2-EVs may serve as an innovative therapeutic
strategy [85, 86]. In our in vitro experiments, we dis-
covered that P-D2-EVs can inhibit IL10 metabolism
in DCs, thereby suppressing Th2 differentiation and
further inhibiting the activation of ILC2 cells. These
results support the potential of P-D2-EVs in regulating
immune cell activation and interaction.

Compared to previous studies, this research has
made breakthroughs in nanovesicle preparation and the
understanding of AR treatment mechanisms. Firstly,
we successfully prepared MSCs nanovesicles named
P-D2-EVs that specifically target DCs, providing advan-
tages for AR treatment [87-89]. Due to the specific

immunomodulatory properties of P-D2-EVs, they may
exhibit superior targeting efficacy over conventional
medications, potentially reducing unnecessary systemic
side effects [90]. If P-D2-EVs demonstrate prolonged
therapeutic effects in clinical settings, it could decrease
patients’ dependence on daily antihistamines and cor-
ticosteroids [91]. Moreover, as P-D2-EVs can directly
interact with target cells, they may provide faster clini-
cal improvement compared to traditional drug therapies.
Secondly, by employing combined transcriptomic and
single-cell sequencing analyses, we delved into the mech-
anisms by which P-D2-EVs regulate DCs, Th2, and ILC2
cells [92-94]. This integrative analytical approach yields
more comprehensive insights, facilitating a thorough
understanding of the nanovesicles’ role in AR therapy.
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By bioinformatics analysis, we identified the core gene
Futl, which is associated with the intersection of differ-
entially expressed genes in the transcriptome. Further
experimental verification demonstrated that P-D2-EVs
downregulated Futl expression to inhibit fucosylation
modification of DCs, suppressing the activation of the
P38 MAPK signaling pathway, improving IL10 metabo-
lism in DCs, and consequently inhibiting Th2 differentia-
tion and ILC2 activation [95, 96]. This discovery reveals
important mechanisms by which P-D2-EVs regulate DC
metabolism and immune cell interaction.

By establishing an AR mouse model and treating it with
P-D2-EVs, we observed that P-D2-EVs could reshape DC
metabolism, suppress Th2 differentiation, and further
inhibit ILC2 activation by inhibiting the Futl/ICAM1/
P38 MAPK signaling pathway. These results not only ver-
ified the therapeutic effect of P-D2-EVs in vivo but also
provided potential mechanisms for nanovesicle therapy
in AR, thus offering important insights for the clinical
application of this treatment strategy [97, 98].

In conclusion, we can preliminarily conclude that the
novel MSCs nanovesicles P-D2-EVs inhibit ICAM1 fuco-
sylation modification by downregulating Futl expres-
sion, suppress the activation of the P38 MAPK pathway,
restore DCs’ IL10 metabolism, and inhibit Th2 differen-
tiation, ultimately reducing ILC2 activation and alleviat-
ing AR (Fig. 10H).

The findings of this study have important scientific
and clinical value, providing significant references for
the development of novel AR treatment strategies. How-
ever, this study also has limitations, such as the focus on
mouse models and the need for further verification of
the effects in humans. Insufficient safety data currently
exist regarding the long-term use of P-D2-EVs. There-
fore, we recommend conducting extended animal studies
as well as preliminary human safety research. The opti-
mal dosage of P-D2-EVs has yet to be precisely deter-
mined, necessitating a multi-phase dose escalation study.
Moreover, potential unknown side effects of P-D2-EVs
should be monitored and assessed through comprehen-
sive preclinical and clinical trials, particularly focusing
on potential long-term impacts on the immune system.
Furthermore, the study of related regulatory mechanisms
and signaling pathways still requires further exploration,
and future research can investigate the molecular inter-
actions between P-D2-EVs and immune cells, as well
as optimize the preparation and delivery systems of
nanovesicles.

Although this study has made important discoveries,
there are still some issues that need to be addressed. For
example, the preparation and delivery system of nanoves-
icles needs to be further optimized to improve its target-
ing specificity and therapeutic effectiveness. Additionally,
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the interaction of nanovesicles with other immune cell
types needs to be studied to gain a more comprehen-
sive understanding of their therapeutic effects. Future
research can also explore the potential application of
nanovesicles in other immune-related diseases and fur-
ther optimize treatment plans to achieve better clinical
translation.
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Supplementary Material 2: Fig. S2. Targeting of EVs and P-D2-EVs to DCs
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P-D2-EVs targeting DCs in the nasal tissue of AR model miceand quantita-
tive analysis of fluorescence intensity of DiR in DCs; OV: ovalbumin, DCs:
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T cells, and ILC2. Note: Expression of marker genes for DCs, T cells, and
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DCs were identified using bioinformatics analysis. Note:Volcano plot of
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tion and maturation phenotype of DCs. Note:Schematic diagram of iDCs
and iDCs+P-D2-EVs generation;Flow cytometric analysis of surface marker
expression on iDCs in different treatment groups and quantitative analysis
of average fluorescence intensity;Schematic diagram of mDCs and
mDCs+P-D2-EVs generation;Flow cytometric analysis of surface marker
expression on mDCs in different treatment groups and quantitative analy-
sis of average fluorescence intensity; * indicates statistically significant
difference compared to the control group at p<0.05, all experiments were
repeated 3 times."

Supplementary Material 8: Fig. S8. In vivo validation of the effects of
P-D2-EVs on Th2 differentiation. Note:Strategy for the isolation of Th2 cells
by flow cytometry in nasal tissue of mice;Flow cytometric analysis of the
percentage of Th2 cells in CD4* T cells in nasal tissue of different groups
of mice;Flow cytometric analysis of the percentage of GATA3-positive cells
in Th2 cells in nasal tissue of different groups of mice;RT-gPCR analysis of
mMRNA expression of IL4 and GATA3 in Th2 cells in nasal tissue of different
groups of mice; * indicates statistically significant difference compared to
the control group at P< 0.05.

Supplementary Material 9: Fig. S9. In vivo validation of the influence of
P-D2-EVs on ILC2 activation. Note:Flow cytometry isolation strategy of ILC2
cells in mouse nasal tissue;Flow cytometry analysis of the percentage of
ILC2 cells in nasal tissues of different groups of mice;Flow cytometry analy-
sis of the percentage of IL13 and GATA3 positive cells in ILC2 cells in nasal
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