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ARTICLE INFO ABSTRACT

Keywords: Background: At present, the treatment for allergic rhinitis (AR) is only limited to symptom relief,
Adipose mesenchymal stem cell-derived exo- and AR is not able be cured. It is important to find new therapeutic regimens for AR.

somes Objective: To explore the effect of adipose mesenchymal stem cell-derived exosomes (AMSC-exos)
Exosomes . .

Immunoloregulation on AR in m,lce' . .

Allergic rhinitis Methods: Primary human AMSCs were cultured up to fourth or fifth passage AMSCs which were
-4 used to extract AMSC-exos by ultracentrifugation. The AMSC-exos were identified in size,
IL-5 morphology and surface marker proteins. AR mouse models were made, and then effects of the
IFN-y AMSC-exos on AR mouse models were observed by injection of AMSC-exos into their tail veins. A
Ig-E total of 21 mice were divided into normal mice with injection of phosphate buffered saline (PBS)
Goblet cells group (Normal + PBS group, 7 mice), AR mice with injection of AMSC-exos group (AR + AMSC-
Eosinophils exos group, 7 mice) and AR mice with injection of PBS (AR + PBS group, 7 mice). After injection

of AMSC-exos and PBS, symptoms were observed in mice and inflammatory factors including IL-4,
IL-5, IFN- y and Ig-E were determined. Mice were sacrificed, nasal mucosa was collected for HE
staining and qRT-PCR.

Results: After injection of AMSC-exos, compared with the AR + PBS group, symptoms were
significantly improved, inflammatory factor levels were significantly decreased, disturbed and
thickened mucosal layer was relieved, and the numbers of goblet cells and eosinophils were
reduced in the AR + AMSC-exos group.

Conclusion: AMSC-exos can improve symptoms and inflammatory level in the AR mice.

1. Introduction

Allergic rhinitis (AR), a non-infectious inflammatory disease occurring in the nasal mucosa, is a chronic diseases affecting human
health in the world [1]. AR is an allergic disease mediated by immunoglobulin E (IgE) and caused by various immune cells, such as
mast cells and eosinophils [2]. AR pathogenesis is related to IgE activation and the release of inflammatory factors, so inhibiting the
inflammation in the nasal mucosa is a potential therapeutic regimen for AR [2].

Stem cells, primitive cells, have the abilities of self-replication and multi-directional differentiation. Stem cells are characterised by
long-term self-replication without aging, differentiation into one or several specific somatic cells [3,4], and expression of differentiated
tissue function [5,6]. Mesenchymal stem cells (MSCs) also can inhibit T lymphocytes, B lymphocytes, dendritic cells and natural killer
cells [7,8]. MSCs exhibit homing to the injured and inflammatory areas. MSCs promote growth and differentiation of diseased cells as
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they can exert antiapoptotic, angiogenic and anti-inflammatory functions by producing cytokines, growth factors and chemokines as
well as expressing extracellular matrix receptors on the cell surface [9]. Adipose-derived mesenchymal stem cells (AMSCs) are widely
used in the field of modern medicine because its source is rich, taking materials is simple, culture is easy without the problems of tissue
matching and immune rejection [10]. Compared with MSCs, MSC-derived exosomes have more advantages, such as low immuno-
genicity, easy storage and high biological safety [11-13]. Exosomes, extracellular vesicles with a diameter of 30-150 nm, are secreted
by many types of cells. Its size is similar to nanoparticle, so exosomes are more likely to reach target sites to play their roles. The
exososome contains various cytosolic proteins, lipids and nucleic acids, so it is a very promising cell-free therapeutic drug for auto-
immune diseases [14,15]. At present, there are many therapeutic regimens for AR, but their therapeutic effects are not better.
Therefore, it is a important to find new therapeutic targets by exploring AR immune regulation. The aim of this study was to explore
whether adipose mesenchymal stem cell-derived exosomes (AMSC-exos) can play a role in the treatment of AR.

2. Materials and methods

All study methods were approved by the Ethics Committee of the First Affiliates Hospital of Zhengzhou University (2023-yyy-030),
and followed national standards for the care and use of laboratory animals.

2.1. Animals and cells

A total of 21 6 to 8-week male Balbc mice weighing between 20g and 30g [License No.: scxk (Beijing) 2019-0008] were purchased
from Beijing Hufukang Biotechnology Co., Ltd (Beijing, China). Human AMSCs were purchased from Guangzhou Saiye Biotechnology
Co., LTD (Guangzhou, China).

2.2. Reagents and equipments

PBS/RPMI-1640 medium, DMEM medium, fetal bovine serum, double-antibody and 0.25 % trypsin were purchased from Gibco
(New York, New York State, USA). EXO-free serum was purchased from SBI (Palo Alto, California, USA). Ninety six-well plates were
from Corning (New York, New York State, USA). Thermostatic incubator was provided by Eppendorf (Hamburg, Germany). Ultra-
centrifuge was purchased from Himac (Tokyo, Japan). Transmission electron microscopy (TEM) was from Hitachi (Tokyo, Japan) and
optimal cutting temperature compound (OCT) was provided by Leica (Wetzlar, Germany).

2.3. Extraction and identification for AMSC-exos

When AMSCs were cultured to fourth or fifth passage, the medium was collected followed by centrifugation at 300g for 10 min at
4 °C, and then at 2000g for 10 min at 4 °C to obtain supernatant. The supernatant underwent ultracentrifugation at 10000g for 30 min
at 4 °C and at 100000g for 70 min at 4 °C, respectively, to obtain transparent precipitation. The transparent precipitation was
resuspended in 2000 pl of phosphate buffered saline (PBS) to obtain exosomes [16]. The exosome suspension (10-20 pul) was fixed
using 2 % of paraformaldehyde and 2 % of glutaraldehyde, respectively, and then loaded on the surface of the carbon-coated copper
mesh followed by negative staining using 2 % of uranyl acetate. The exosome morphology and exosome particles were observed by
TEM and nanoparticle tracking analysis (NTA), respectively. Exosome surface-specific proteins, including CD9, CD63 and TSG101
were identified by Western blotting.

2.4. Establishment and grouping of AR mouse models

Ovalbumin (1 mg) and aluminum hydroxide (20 mg) were dissolved in 1 mL of saline, and then 200 ml of the mixture was injected
into the intraperitoneal cavity of each mouse (a total of 14 mice) on the first, seventh, fourteenth and twenty first day, respectively.
And then the mixture of ovalbumin (100 pg) and saline (20 pl) was dripped into each nostril for 14 days [17,18]. Mouse symptoms
were observed and recorded within 15 min after the last nasal dripping. Subsequently, AR mouse models were divided into two group.
One group was treated using AMSC-exos as AR + AMSC-exos group (7 mice) and another group was treated using PBS as AR + PBS
group (7 mice).

2.5. Label-ling AMSC-exos and injecting them into AR mice by the mouse tail vein

Fluorescent dye was diluted to 10 times with PBS solution, and then the 10 pl of fluorescent dye was added into 90 pl of PBS to make
100 pl of dye working solution. The 100 pl of dye working solution was added to 1000 pl of exosome suspension followed by mixing in a
vortex oscillator for 1 min at 37 °C. Thirty 30 min later, 10 ml of 1 X PBS was added, and then 200 pl of 1 X PBS was suspended and the
sediment was the stained exosomes. The stained exosomes were injected into AP mice through the mouse tail vein, and then the AR
mice were observed by living imaging system at 2h, 12h, 24h, 36h and 48h after injecting the stained exosomes.

2.6. Intervention

After the last nasal dripping, 20 pul of AMSC-exos (50 pg/ml) were injected into the tail vein in 7 AR mice once a day for 14 days as
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AR + AMSC-exos group. In the same time, 20 pl of PBS were injected into the tail vein in both 7 AR mice and 7 normal mice once a day
for 14 days as AR + PBS group and normal + PBS group. Within 15 min after the last intervention, AR symptoms, such as scratching the
nose, sneezing and runny nose, were observed and recorded in each group, and then killed. Peripheral blood and nasal mucosa were
collected for determining the serum levels of IL-4, IL-5, IFN- y and IgE by enzyme linked immunosorbent assay (ELISA), and mRNA
levels of IL-4, IL-5 and IFN- y by quantitative real-time PCR (qRT-PCR), as well as observing histological changes by HE staining.

2.7. Staining of mouse nasal mucosal tissue

After 2-week intervention, the mice in each group were killed by cervical dislocation. Nasal mucosal tissue was collected for HE and
PAS staining. Pathological changes and infiltration of inflammatory cells were observed under light microscopy. The numbers of
eosinophils and goblet cells were counted under optical microscope by randomly selecting 4 slices from each group and 4 regions in
each slice, and then the average value of each group was calculated [19].

2.8. ELISA

After mice were killed, 1-1.5 ml of blood from each mouse orbital venous plexus were collected. After 4-h standing at room
temperature, the venous blood was centrifugated at 1500 rpm for 20 min, and then 2-5 pl of serum was used to determine the levels of
IL-4, IL-5, IFN- y and IgE with ELISA kits. Testing was performed in triplicate for each sample.

2.9. gRT-PCR

The nasal mucosa was collected in each mouse, and then frozen in liquid nitrogen at —80 °C. The total RNA was extracted from
nasal mucosa using Trizol. Reverse transcription reaction was performed using 1 pg of RNA template, and mRNA levels of IL-4, IL-5 and
IFN- y were detected by qRT-PCR.

2.10. Statistical analysis

Statistical analysis was performed using Graphpad Prism 8 software. The normality of data was analyzed by Shapiro-Wilk test.
Measurement data were expressed as mean + standard deviation (Mean + SD). Comparison between multiple groups was performed
using analysis of variance. Statistical significance was established at P < 0.05.

3. Results
3.1. Establishment and evaluation of AR mouse models

The scoring criteria for mouse runny nose, scratching the nose and sneezing are shown in Table 1. The total score over 5 will be
regarded as successful modeling [17,18,20]. Mouse symptoms were observed and recorded within 15 min after the last nasal dripping.
In the AR + AMSC-exos group and AR + PBS group, mice frequently scratched their noses, and exhibited continuous sneezing with a lot
of nasal mucus. The scoring for mouse runny nose, scratching the nose and sneezing in the three groups before intervention are shown
in Table 2. The scores of the AR + AMSC-exos group and AR + PBS group were all more than 5, indicating successful modeling.

3.2. Identification of the AMSC-exos

TEM showed that AMSC-exos, double layer vesicles, were round or oval with clear edges and a diameter of 50-150 nm (Fig. 1a).
Western blotting indicated AMSC-exos specific membrane proteins, CD9 and CD63, as well as membrane conjugated protein TSG101
(Fig. 1b). NTA displayed that the concentration of sample AMSC-exos was 8.6 x 10 particle/ml, the dilution ratio was 100, the
original concentration was 8.6 x 10° particle/ml, the peak particle diameter was 128.1 nm, the peak area ratio was 95.2 %, the average
particle size was 131.2 nm, and the exosomes were basically in the distribution range of 30-200 nm (Fig. 2).

3.3. Biodistribution of AMSC-exos in the AR mice receiving tail vein injection of stained AMSC-exos

The living imaging system indicated no marked fluorescence at 2 h, a little fluorescence in the abdomen at 12 h, as well as obvious
fluorescence in the chest at 24 h, in the neck at 36 h and in the nose and lips at 48 h after injecting stained AMSC-exos (Fig. 3).

Table 1

Scoring criteria for mouse runny nose, scratching nose and sneezing.
Scores Runny nose Scratching nose Sneezing
1 Runny nose to the front nostrils 1-5 1-3
2 Runny nose over the front nostrils 6-15 4-10

3 Runny nose covering mouse face >16 >11
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Table 2
The scoring for mouse runny nose, scratching nose and sneezing in the three groups before intervention.
Groups Runny nose Scratching nose Sneezing
Normal + PBS 0 1 1
AR + AMSC-exos 2 3 2.43
AR + PBS 2 2.86 2.14

Notes: PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesenchymal stem cell-derived exosomes.
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Fig. 1. Identification of the AMSC-exos by transmission electron microscope (scale = 100 nm) and specific proteins. Notes: a: AMSC-exos; b: specific

membrane proteins and membrane conjugated protein of AMSC-exos; 1: marker; 2: control group (ADSC); 3: sample (AMSC-exos); AMSC-exos:
adipose mesenchymal stem cell-derived exosomes.

7E+6

6E+6~ " 4 4 +

SE+6- 4 4 4 4

4E+6-

3E+6-

Particles /mL (sum)

2646~ 4 + 4 4 4 4 4 "

0E40-
100 200 300 400 500 600 700 800 900 1000
Diameter / nm

Fig. 2. Concentration profile of AMSC-exos. Notes: AMSC-exos: adipose mesenchymal stem cell-derived exosomes.
3.4. Improvement of AR symptoms in the AR + AMSC-exos group

Within 15 min after the last intervention, AR symptoms, such as scratching the nose, sneezing and runny nose, were observed and
the frequencies of scratching the nose and sneezing were recorded in each group (Table 3).

3.5. Influence of AMSC-exos on serum levels of IL-4, IL-5, IFN- y and IgE

ELISA indicated that the serum levels of IL-4, IL-5, IFN- y and IgE were significantly decreased in the AR + AMSC-exos group as
compared with the AR + PBS group (P <0.0005, Table 4)
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Fig. 3. Biodistribution of AMSC-exos in the AR mice in different time points. Notes: a: at 2h; b: at 12h; c: at 24h; d: at 36h; and e: at 48h.

Table 3

Frequencies of scratching the nose and sneezing in each group after the last intervention (Mean =+ SD).
Groups Scratching nose Sneezing
Normal + PBS 0.86 + 1.355" 2.29 + 2.250"
AR + AMSC-exos 7.71 + 2.914" 4.71 + 1.278"
AR + PBS 25.86 + 6.243 13.57 + 3.886

? indicates P <0.0001 as compared with the AR + PBS group; PBS: Phosphate buffer saline; AR:

Allergic rhinitis; AMSC-exos: adipose mesenchymal stem cell-derived exosomes.

3.6. Influence of AMSC-exos on mRNA levels of IL-4, IL-5 and IFN-y in mouse nasal mucosa

qRT-PCR indicated that the mRNA levels of IL-4, IL-5 and IFN-y in mouse nasal mucosa were significantly lower in the AR + AMSC-
exos group and normal + PBS group than in the AR + PBS group (P <0.0001, Table 5)

3.7. Pathology of mouse nasal mucosa tissue in each group

The mucosal epithelial layer of mouse nasal cavity was intact with milld eosinophil infiltration, but without tissue gap edema or
vascular dilation in the normal + PBS group (Fig. 4a). A large amount of cilia in the mouse nasal mucosa peeled off with obvious
interstitial edema, small blood vessel dilation and severe eosinophil infiltration in the AR + PBS group (Fig. 4c). Compared with the AR
-+ PBS group, eosinophil infiltration was significantly relieved in the AR + AMSC-exos group (P = 0.003, Fig. 4b-Table 6).

In PAS staining, light blue was the nasal mucosa background, and purplish red was goblet cell. A few goblet cells were seen in the
epithelial layer of mouse nasal mucosa in the normal + PBS group (Fig. 5a). In the AR + PBS group, there were a large number of goblet
cells with obvious cytoplasmic hyperplasia and hypertrophy, and even with a typical high footed cup-shaped appearance (Fig. 5c).
Compared with the AR + PBS group, the number of goblet cells was significantly reduced in the AR + AMSC-exos group (P = 0.004,

Fig. 5b-Table 6).

Table 4

Serum levels of IL-4, IL-5, IFN- y and IgE in the three groups after intervention (Mean =+ SD).
Groups IL-4 IL-5 INF-y Ig-E
Normal + PBS 21.42 + 0.780° 45.17 + 0.350° 205.67 + 0.697° 88.84 +1.981°
AR + AMSC-exos 40.27 + 0.284° 47.15 + 0.184° 354.84 + 2.911° 83.00 + 5.956"
AR + PBS 54.20 + 0.417 102.74 £+ 0.361 387.18 + 4.928 169.20 + 6.627

a

stem cell-derived exosomes.

indicates P < 0.0005 as compared with the AR -+ PBS group; PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesenchymal
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Table 5

mRNA levels of IL-4, IL-5 and IFN-y in the three groups after intervention (Mean + SD).
Groups 1L-4 IL-5 INF-y
Normal + PBS 1.015 + 0.0034" 1.035 + 0.0025" 1.010 =+ 0.0261"
AR + AMSC-exos 65.805 + 0.6939" 12.905 + 0.2806" 1.215 + 0.0251°
AR + PBS 89.013 &+ 1.8039 20.570 £ 0.5167 1.428 £ 0.0065

a

indicates P <0.0001 as compared with the AR + PBS group; PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesen-
chymal stem cell-derived exosomes.

Fig. 4. HE staining of mouse nasal mucosa in each group 400 x

Notes: a: Normal + PBS group; b: AR + AMSC-exos group; c: AR + PBS group. The arrow in Fig. 3c indicates exfoliated cilia. The triangle and circle
in Fig. 3c indicate eosinophil infiltration. PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesenchymal stem cell-
derived exosomes.

Table 6

Number of eosinophils and goblet cells in the epithelial layer of mouse nasal mucosa after intervention (Mean + SD).
Items Normal + PBS group AR + AMSC-exos group AR + PBS group
Eosinophils 1.50 + 0.806 20.17 + 1.537° 40.64 + 1.542
Goblet cells 5.17 £+ 0.401 14.67 + 1.498" 22.50 +1.118

a

indicates P < 0.05 as compared with the AR + PBS group; PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesenchymal
stem cell-derived exosomes.

a

Fig. 5. PAS staining of mouse nasal mucosa in each group 400 x
Notes: a: Normal + PBS group; b: AR + AMSC-exos group; c: AR + PBS group. Goblet cells are in the ellipse in Fig. 4c. The triangles in Fig. 4b
indicate goblet cells. PBS: Phosphate buffer saline; AR: Allergic rhinitis; AMSC-exos: adipose mesenchymal stem cell-derived exosomes.

4. Discussion

AR, a chronic inflammatory disease occurring in the airways, is caused by many factors. AR is still one of the most common health
problems due to its high incidence rate, complex etiology and long course of disease. AR has obvious nasal symptoms, such as nasal
obstruction, paroxysmal sneezing, a lot of clear nasal mucus and nasal itching [1,21,22]. These symptoms interfere with normal life,
affecting people’s quality of life. AR pathogenesis are associated with many factors, but immunology has always been regarded as a
focus for AR pathogenesis [23-25]. At present, the treatment for AR is only limited to symptom relief, and AR is not able be cured. This
aim of this study was to observe the effect of AMSC-exos on AR in mice, finding new therapeutic regimens for AR.

MSCs have self-renewal and multiple differentiation potentials with strong self reproduction ability and automatic homing char-
acteristics [26,27]. In addition, MSCs also have immune regulatory functions, regulating T cell differentiation and proliferation by cell
communication and cytokine release [18,20,28]. There have been many studies on the relationship between MSCs and allergic dis-
eases, such as asthma, AR, allergic dermatitis, etc [13,14,29,30]. However, increasing evidence suggests that the immunosuppressive
effects of MSCs are mainly from MSC-derived extracellular vesicles, exosomes [10-12,14,26,31,32]. This is also confirmed by miRNA
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sequencing and bioinformatics analysis of MSC-derived exosomes. MSC-derived exosomes can inhibit lymphocyte proliferation,
participate in antigen presentation, promote damage repair, and regulate immune cell phenotype and function [33-36]. Due to the
limitations of stem cell therapy, MSC-derived exosomes bring hope to treat many diseases that were even previously incurable.

In this study, the living imaging system indicated no marked fluorescence at 2 h, a little fluorescence in the abdomen at 12 h, as well
as obvious fluorescence in the chest at 24 h, in the neck at 36 h and in the nose and lips at 48 h after injecting stained AMSC-exos. This
suggested that there was the AMSC-exo distribution in the mouse nasal cavity. This study also showed that AMSC-exos effectively
alleviated nasal symptoms, such as sneezing, runny nose and scratching the nose in AR mice. HE staining indicated that compared with
the AR + PBS group, nasal mucosal structural disorder, thickened mucosal layer, and increased goblet cells and eosinophils were
relieved in the AR + AMSC-exos group. ELISA displayed that compared with the AR + PBS group, the serum levels of IL-4, IL-5, IFN- y
and IgE were significantly decreased in the AR + AMSC-exos group. The mRNA levels of IL-4, IL-5 and IFN-y in mouse nasal mucosa
were in lline with the serum levels of IL-4, IL-5 and IFN- y.

The imbalance between Th1 and Th2 cells is an important pathogenesis of AR [37,38]. Overactivation of Th2 cells may increased
release of cytokines, including IL-4, IL-5 and IL-10, leading to AR. MSC-exos can inhibit the maturation and activation of DC cells, exert
protective effect and anti-inflammatory effect by reducing NK cell recruitment [39,40]. Besides anti-inflammatory proteins, MSC-exos
also contain many miRNAs with anti-inflammatory functions [39,40]. MSC-exos can specifically recognize CD4+T cells as well as
reduce Th2 cells and secretion of Th2 cell-related inflammatory factors, suggesting that MSC-exos are assocated with the differenti-
ation of CD4+-T cells in AR [41,42]. In this study, compared with the AR + PBS group, the serum levels of IL-4, IL-5, IFN- y and IgE were
significantly decreased in the AR + AMSC-exos group, suggesting that AMSC-exos may have the potential to correct Th1l/Th2
imbalance. The inflammatory regulatory effects of AMSC-exos may be more complex. It may be involved in the inhibition of T cell
differentiation, intrinsic lymphocyte regulation, macrophage and lymphocyte regulation, and macrophage polarization [34,43,44].

This study confirmed that the AMSC-exos might reduce the levels of IL-4, IL-5, Ig-E and IFN-y, and alleviate allergic symptoms in AR
mice. This may be caused by correcting the Th1/Th2 cell imbalance, but the exact mechanism remains to be further explored. This
study provides an experimental basis for AMSC-exos as a new therapeutic regimen for allergic diseases and AR.
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