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Abstract

Introduction Sublingual immunotherapy (SLIT) is an effective and injection-free route for allergen-specific
immunotherapy (AIT). Mesenchymal stromal/stem cell (MSC)-derived exosomes (Exo) has been identified as a novel
delivery platform with immunomodulatory capacities. In addition, targeting agents such as aptamers (Apt) have been
extensively used for specific delivery approaches such as direct delivery of allergen formulations to dendritic cells
(DQ) to improve the efficacy of specific immunotherapy. In this study, we assessed the effects of MSC-derived Exos
containing ovalbumin (Ova) which decorated with DC-specific aptamer in allergic rhinitis mice model.

Materials and methods Exos were harvested from adipose tissue-derived MSCs, and Exo-Apt-Ova complex was
formulated. Then, Ova-induced allergic asthma model was simulated and sensitized BALB/c mice were treated
sublingually with Exo-Apt-Ova complex (5 pug Ova) twice weekly for 8 weeks. Ova-specific IgE levels in serum and
concentrations of interferon-gamma (IFN-y), interleukin (IL)-4, and transforming growth factor-beta (TGF-f) in the
supernatant of cultured splenocytes were evaluated using enzyme-linked immunosorbent assay (ELISA). In addition,
lung histologic analysis and nasopharyngeal lavage fluid (NALF) cell count were performed.

Results Administration of Ova-incorporated Apt-modified Exos dramatically increased IFN-y and TGF-{3 levels, and
decreased IL-4 and IgE levels. In addition, inflammatory responses in the lung tissue and the number of eosinophils in
NALF decreased.

Conclusion SLIT using Exo-Ova (5 pg) decorated with DC-specific aptamer induced immunomodulatory responses
and remarkably attenuated allergic airway inflammation in mice.
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Introduction

Allergic diseases are becoming a global health prob-
lem and allergic asthma, allergic rhinitis (AR), allergic
conjunctivitis and skin-associated allergic diseases are
among the most common [1, 2]. Airway allergic diseases
are characterized by eosinophilic inflammation, mucosal
hypersecretion, and airway hyperresponsiveness (AHR).
Several lines of evidence have emphasized the critical
role of the Th1/Th2 imbalance in triggering allergic reac-
tions. In this case, hyperactivated Th2 cells release inter-
leukin (IL)-4, IL-5, and IL-13 in high magnitude, which
promote specific IgE secretion and recruit and activate
eosinophils [3, 4].

Common strategies to control allergic reactions include
allergen avoidance, pharmacotherapy, and specific immu-
notherapy. Although allergen avoidance is inevitable, and
available medical treatments, including bronchodilators
and inhaled corticosteroids only control symptoms and
are not effective in suppressing disease progression, aller-
gen-specific immunotherapy (AIT) is a well-designed
therapeutic strategy to modify the immune responses to
achieve sustained symptom relief and improved quality
of life [5, 6]. Subcutaneous immunotherapy (SCIT), as
the standard route of allergen-specific immunotherapy,
consists of the administration of allergen extracts based
on a protocol that includes build-up and maintenance
phases that can last for 3-5 years. Recurrent invasive
subcutaneous injections and the long duration of the
treatment procedure may reduce patient compliance to
start or even complete the treatment [7]. Therefore, the
investigation of alternative routes such as sublingual
immunotherapy (SLIT) has attracted much attention.
SLIT is a non-invasive method in which allergens in the
form of liquid drops, powder, tablet, or other compat-
ible formulations are administered under the tongue by
trained patients without clinic recruitment. These fac-
tors influence patient compliance with the treatment
procedure [8, 9]. The exact mechanism of SLIT is not
well defined, although it appears that allergens admin-
istered by the sublingual route are taken up by Langer-
hans dendritic cells (DC), and processed and presented
in regional lymph nodes. A major concern regarding
SLIT is the need for higher allergen doses compared to
SCIT to achieve similar levels of efficacy [10]. In this
case, innovative methods to reduce the allergen dos-
age could effectively improve the efficacy and safety of
SLIT [11]. Exosomes (Exo) are biological nano-vesicles
secreted by different types of cells both in physiological
and pathological conditions and have been widely used
as delivery systems in recent years [12]. Due to their
low immunogenicity, high bioavailability and biodistri-
bution, and similar content compared to their cellular
source, mesenchymal stromal/stem cell (MSC)-isolated
exosomes are considered as nano-sized delivery tools
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with immunomodulatory and immunoregulatory proper-
ties [13]. On the other hand, delivery of small-molecule
therapeutic products to the desired cells or target site can
boost the treatment outcomes by reducing the effective
dose and ultimately reducing side effects. In addition,
some approaches such as directed delivery, can enhance
allergen presentation to antigen-presenting cells (APCs)
[14-16]. Recently, aptamers (Apt) have been widely used
as antibody replacements and as molecular directing
agents to customize specific drug delivery. In this case,
aptamers are characterized as artificial receptors, origi-
nally nucleotide of ribonucleotide sequences, and identi-
fied via an in vitro procedure called systematic evolution
of the ligands by exponential enrichment (SELEX). In
addition, aptamers have several benefits over monoclonal
antibodies, such as lack of toxicity and immunogenic-
ity, good thermal stability, ease of modification and pro-
duction. These advantages of aptamers have led to their
increased use to improve the efficacy of immunotherapy
[17, 18].

In this study, we assessed the potential of sublingual
immunotherapy in an allergic mouse model after admin-
istration of ovalbumin (Ova)-loaded exosome nanopar-
ticles decorated with DC-specific Apt.

Materials and methods

Animals

Thirty BALB/c mice (female and 6—8 weeks old), were
provided by the Animal Center, Ahvaz Jundishapur Uni-
versity of Medical Sciences, Ahvaz, Iran. Animals were
housed in standard conditions (12 h/12 h dark/light
cycle, 20-25 °C temperature, and 45—-65% humidity) and
free access to food and water.

Formulation of Apt-modified Ova-enriched MSC-exosomes
As explained earlier by Dehnavi et al, MSCs were
obtained from the abdominal adipose tissue of BALB/c
mice and exosomes were isolated from the fetal bovine
serum (FBS)-free conditioned supernatant of MSCs cul-
ture [19]. Briefly, mouse adipose tissue was enzymati-
cally digested with collagenase type I (Merck, Darmstadt,
Germany), then centrifuged, and the cellular pellet was
transferred to culture plates containing DMEM media
supplemented with 10% FBS and 1% penicillin/strepto-
mycin. After 48 h, the media was refreshed to remove
non-adherent cells and the culture continued until
80-80% confluent adherent cells were reached. These
cells were validated as MSCs by microscopic morphol-
ogy of adherent fibroblast-like cells, immunophenotyping
using specific antibodies and flow cytometry tech-
nique for surface expression of CD34, CD44, CD45, and
CD90 markers, and osteocyte differentiation capacity
using specific differentiation media. The FBS-free con-
ditioned supernatant of cultured MSCs was harvested
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for exosome isolation using an exosome isolation kit
(Exospin, MO, USA). Subsequently, the morphology of
exosomes was characterized by Field Emission Scanning
Electron Microscopy (FESEM) (KYKY-EM 3200) and the
zeta potential, size, and polydispersity index were evalu-
ated by dynamic light scattering (DLS) (Malvern Instru-
ments Ltd, Malvern, UK). Finally, CD9 and CD63 surface
expression of exosomes were analyzed by flow cytometry.
For the preparation of Apt-modified Exo, the
5’-COOH-modified aptamer with the sequence “ 5'-TT
TTTTTTTTGGCTGGCACTGGTCGAGGTATGTT
GGGGCAGCT-3" 7 [20] was conjugated to the surface
amine group on the exosomes through EDC/NHS chem-
istry. For this purpose, 20 pL of 5'-COOH-modified Apt
(25uM) was added to 4uL. EDC/NHS solution (containing
92 pug EDC and 70 pug NHS), and then 450 ul phosphate
buffer saline (PBS) was added and stirred at 4 °C for 4 h.
The activated Apt was then added to 200 pg/ml exosomes
solution at 5% w/w Apt/Exo ratio of Apt/Exo and incu-
bated at 4 °C for 24 h. The successful conjugation of Apt
to Exo was evaluated by 2.5% agarose gel electrophoresis.
In the next step, Ova was loaded into the Apt-mod-
ified exosomes based on our previous protocol [19, 21].
Briefly, 200 pl of prepared Ova solution (500 pug/ml) (Bec-
ton Dickinson Co, New Jersey, USA) was incubated with
Apt-modified exosomes (200 pg/ml) for 6 h at 22 °C on a
shaker. Finally, free Ova were eliminated from the Apt-
Exo-Ova complex using an exosome isolation kit, and the
amount of enriched Ova was determined by UV-HPLC
Hewlett Packard 1100 series (Santa Clara, CA, USA).

Sensitization phase and SLIT

Animal sensitization was performed as previously
described [22, 23]. Briefly, twenty five animals were
received ovalbumin through two intraperitoneal (i.p)
injections of 10 ug Ova in PBS adsorbed on aluminum
hydroxide (alum) (Sigma, France) in 100 pL of PBS on
days 0 and 14. Equivalent amounts of sterile PBS/alum
were used for healthy control animals (#=5). The mice
were then aerosolized daily for 4 consecutive days (on
days 21 to 24) via a nebulizer (ZTH-2102 Zenith, Swit-
zerland). On each day, animals were placed in a closed
chamber and received 1% PBS-dissolved Ova solution
as an aerosol for 20 min. On day 25, blood samples were
collected for evaluation of total IgE levels. The sensi-
tized mice (n=25) were then categorized into five groups
(n=5).

SLIT treatment was initiated on day 28, for 8 weeks
(twice weekly) by sublingual application of Ova (5 pg),
Exo, and Exo-Ova (5 pg Ova) and Exo-Ova-Apt (5 pg
Ova) in final volume of 25 pL in different groups (n=5
in each group) including sensitized animals. Notably,
exosome-containing formulations were freshly prepared
for each immunotherapy session. The positive control
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animals were sensitized mice that received 25 puL PBS. A
negative control group consisting of not-sensitized mice
receiving PBS (n=5) was also included. For sublingual
procedure, animals were held on their back, therapeu-
tic solution was administered under the tongue using
a variable volume pipette (Eppendorf Research plus,
Barkhausenweg, Hamburg, Germany), and then animals
were held for one minute to avoid swallowing. At the
end of treatment, on days 90 and 91 all animals under-
went intranasal challenge with 1% Ova for 20 min. On
day 92, the animals were sacrificed. In this case, animals
were anesthetized through i.p injection of 100 pL ket-
amine/xylazine (containing 87.5 mg/kg and 12.5 mg/kg,
respectively) and then euthanized via cervical disloca-
tion method. Blood specimens were obtained via cardiac
puncture, and sera were analyzed for specific IgE. Sple-
nocytes were isolated, cultured, and analyzed for cyto-
kine production. Nasopharyngeal lavage fluid (NALF)
was also obtained from the nostrils for total cell and
eosinophil counts. Finally, the lung tissues were separated
for histopathologic assessment. Figure 1 provides a sche-
matic representation of the study design and subsequent
steps.

Assessing Ova-specific IgE concentrations

Blood specimens were obtained by cardiac puncture,
and sera were collected after centrifugation (10 min at
1500 g). Ova-specific IgE levels were then evaluated via
an enzyme-linked immunosorbent assay (ELISA) kit
(East Biopharm, China) based on the manufacturer’s pro-
tocols. Briefly, 100 pL of serum was added to the antigen
pre-coated wells and incubated at 370C for 90 min. The
wells were then washed and 100 pL of enzyme-conju-
gated secondary antibody was added and incubated for
30 min at 370C. Next, the wells were washed and 90uL
of substrate was added for further incubation at 370C for
15 min. Finally, 50 pL stop solution was added and the
color intensity was read at 450 nm to determine the exact
concentrations based on the standard samples and the
provided curve.

Measurement of cytokines secretion

Spleen tissues were collected, minced, washed with ster-
ile PBS, and resuspended in 10% FBS and 1% penicillin/
streptomycin-enriched RPMI 1640 media. Splenocytes
were then cultured in duplicate and stimulated with
Ova (5 pg/ml), 3% phytohaemagglutinin (PHA) and free
media for 72 h at 37 °C. Next, the supernatants were
obtained and interferon-gamma (IFN-y), IL-4, and trans-
forming growth factor-beta (TGEF-P) cytokine levels were
measured using ELISA kits (Karmania Pars Gene, Ker-
man, Iran).
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Fig. 1 Schematic representation of study design

Nasopharyngeal lavage fluid (NALF) analysis

To obtain NALF from mice, the trachea of sacrificed ani-
mals was cut out and 1 ml of sterile PBS was injected into
the nasal cavity and gathered in a tube. The specimen
was centrifuged (5 min, 2000 rpm, 4 oC), and the pel-
lets were analyzed for total cell counting using Neubauer
haemocytometer. In addition, the Wright-Giemsa stained
smears were prepared to count and evaluate the percent-
age of eosinophils based on the morphology and stained
granules.

Histological examination

The chests of scarified animals were opened and whole
lung tissues were isolated. Then, tissues moved to 10%
formaldehyde-contained tubes, embedded in paraf-
fin, and sectioned (5 pm). Then, stained with hema-
toxylin and eosin (H&E) and evaluated by a blinded
animal pathologist using a light microscope (Zeiss Jena,
Germany).

Statistical analysis

GraphPad Prism (version 8.4.3) was applied for statistical
analysis. All data are expressed as mean=*standard error
of mean (SEM). Data were first analyzed using the Kol-
mogorov-Smirnov test to check the normal distribution
of the data. Sensitized and control animals were com-
pared by unpaired t-test for total IgE levels, while one-
way ANOVA test was used to compare different groups
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of animals after the treatment procedure. In addition,
p<0.05 was considered as significant value.

Results

MSCs characterization

Characterization and validation of MSCs are provided in
Fig. 2. As provided in Fig. 2a, microscopic evaluation of
adherent cells showed fibroblast-like morphology. Also,
in vitro osteogenic differentiation assay of isolated MSCs
showed potential osteocyte differentiation validated by
extracellular calcium deposits formation following aliza-
rin red staining (Fig. 2b). in addition, as shown in Fig. 2c,
high percentage of cells expressed CD44 (94.9%) and
CD90 (95.2%) markers, while low levels of CD34 (1.31%)
and CD45 (0.74%) surface expressions was observed.

Exosomes characterization

As shown in Fig. 3a, FESEM analysis was performed to
determine the homogeneity and morphology of MSC-
isolated exosomes. In addition, Fig. 3b shows the DLS
analysis of the size of homogeneous spherical exosome
nanoparticles which is consistent with the FESEM results.
The average size of exosomes was 101.8+15.9 nm. To fur-
ther characterization, we evaluated the surface expres-
sion of CD9 and CD63 in MSC-derived exosomes by flow
cytometry and the results showed 90.7% of exosomes
expressed CD9, while 86.5% expressed CD63 (Fig. 3c).
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Fig. 2 Adipose tissues-derived MSCs characterization (a) Microscopic evaluation verified adherent fibroblast-like morphology of isolated MSCs; (b) Os-
teogenic differentiation assay validated osteogenesis potential following alizarin red staining of extracellular calcium deposits; and (c) Flow cytometry
analysis showed highly expression of CD44 (94.9%) and CD90 (95.2%) and low levels of surface CD34 (1.31%) and CD45 (074%) markers

Monitoring of Exo-Apt synthesis

The successful attachment of the aptamer to the exo-
some surface was evaluated using agarose gel electropho-
resis. As shown in Fig. 4, the Exo-Apt bio-conjugate did
not transfer on the agarose gel due to its high molecu-
lar weight. In addition, the DLS analysis findings showed
an increased in the size of exosomes following aptamer

conjugation and the negative zeta potential of Exo-Apt
complex intensified compared to exosomes due to the
charge of DNA aptamer (Table 1).

Ova-enrichment of Apt-conjugated exosomes
The efficacy of Ova enrichment into the Apt-conjugated
exosome was evaluated by UV-HPLC. Based on the
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Fig. 3 Characterization of MSC-isolated exosomes (a) FESEM analysis verified the morphology of exosome nanoparticles; (b) DLS assessment showed
that the average size of nanoparticles was 101.8+15.9 nm; and (c) flow cytometry evaluation of CD9 and CD63 surface markers using specific antibodies
showed that high percentage of exosome nanoparticles expressed CD9 (90.7%) and CD63 (86.5%)

obtained results, the quantity of the Ova enrichment in
the Apt-conjugated exosome was 20 pg. In addition, DLS
analysis is shown in Table 1 to compare the size, polydis-
persity index and zeta potential and FESEM analysis is
represented in Fig. 5 to compare the morphology of free
and formulated exosomes.

The Ova-specific IgE antibody alteration after SLIT

To evaluate the efficacy of SLIT on humoral immune
responses, the ELISA assessment was conducted to mea-
sure the OVA-specific serum IgE. Although, the concen-
tration of IgE was decreased in all experimental groups
in comparison to the control Ova-sensitized PBS-treated
group, a dramatic decrease was showed only in the Exo-
Ova-Apt group after SLIT (Fig. 6).

Effect of SLIT on cytokine profile

The measurement of IFN-y, IL-4, and TGF-$ cytokine
production in the splenocyte supernatant is shown in
Fig. 7.

After SLIT, the secretion of IFN-y, a major cytokine
of Thl cells, increased in all treatment groups in com-
parison to the sensitized PBS-treated group. In addi-
tion, treatment with Exo-Ova-Apt complex resulted in

a dramatic reduction in IFN-y secretion compared with
Ova- and PBS-treated groups (p<0.05).

The results of IL-4 cytokine, a major cytokine of Th2
cells, concentration showed that all experimental groups
showed a reduction in IL-4 levels compared to the PBS
group. Also, there was a dramatic difference between
Exo-Ova-Apt group and other experimental groups in
the reduction of IL-4 (p<0.0001). Interestingly, after
SLIT with Exo-Ova-Apt, we observed no statistical dif-
ference in IL-4 concentration compared to normal con-
trol mice.

In the case of TGF-p, all treatment groups (except the
Ova-treated) secreted the high concentration of TGF-$
cytokine in response to stimulation with Ova compared
to the PBS-treated group. It was also observed that Exo-
Ova-Apt treatment significantly elevated the TGF-p
levels in comparison to the other experimental groups
(p<0.0001).

Effect of SLIT on cell counting of NALF

As presented in Fig. 8, the numbers of eosinophils
and total cell count in the NAL fluid were significantly
reduced in all treatment groups (except Ova SLIT) in
comparison to the PBS-treated group. Among the treat-
ment groups which receive Exo, the mice receiving
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Fig. 4 Assessment of Exo-Apt bio-conjugate via agarose gel electropho-
resis. As shown and labeled in the figure, free aptamer moved through
agarose gel electrophoresis, while aptamer conjugated on the surface of
exosomes remained immobile in the loading well (Full-length gel is pre-
sented in Supplementary Fig. 1)

Table 1 DLS characterization of free exosomes compared to
Exo-Apt and Exo-Ova-Apt formulations

Size (nm) Polydispersity Zeta
Index (PDI) poten-
tial
Free exosome 101.8+159 0.21£0.06 -36+3.1
Exo-Apt complex 1093+13.6 0.29£0.01 -64+69
Exo-Ova-Apt complex 11414116 0.3+0.02 -69+7.3

Exo-Ova-Apt showed a significant reduction in total cell
and eosinophil counts compared to the groups receiving
Exo and Exo-Ova sublingually. Interestingly, the number
of eosinophils in the NALF showed no statistical differ-
ence between Exo-Ova-Apt and normal control mice.
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Histological analysis of lung tissue

Analysis of lung histopathological examinations in
healthy control mice did not show any inflammation or
infiltration of immune cells in the blood vessels and tra-
chea (Fig. 9a). Additionally, examination of lung tissues
demonstrated severe peribronchiolar and perivascular
inflammation in PBS- and Ova-treated groups (Fig. 9b
and c¢). Exo and Exo-Ova groups indicated mild to mod-
erate infiltration of inflammatory cells and restricted epi-
thelial degenerations (Fig. 9d and e). Furthermore, lung
examination in the Exo-Ova-Apt-received mice indicated
the local and slight infiltration of immune cells around a
blood vessel (Fig. 9f).

Discussion

In this study, we evaluated the effects of Ova-enriched
Apt-modified MSC-derived exosomes in an allergic
asthma mouse model by sublingual immunotherapy.
This nanoformulation showed excellent immunomodu-
latory capacities, decreased eosinophil infiltration to the
NALF and alleviated local inflammation in lung tissue.
In addition, administration of this complex could reduce
the concentration of IL-4 (Th2 hallmark) in the cultured
splenocyte supernatants along with the serum levels of
Ova-specific IgE and increase the levels of IFN-y (major
Thl cytokine) and TGF-p (regulatory T cell (Treg) hall-
mark) in the supernatant of cultured splenocytes. Our
results indicated the successful shift from Th2 to Th1 and
induction of immunomodulatory response of Tregs.

Sublingual immunotherapy is considered a non-inva-
sive, safe and painless route of administration for allergic
disorders with fewer side effects in comparison to sub-
cutaneous immunotherapy [24, 25]. Accordingly, several
lines of evidence have shown that the effects of SLIT is
dependent on the allergen dosage, which subsequently
increases the adverse effects [26, 27]. In addition, the use
of nanoparticles such as exosomes as a targeting agent
for specific allergens could facilitate the amount of aller-
gen reaching the mucosal tissues in comparison to the
soluble-free allergen administered sublingually [24]. On
the other hand, it seems that current SLIT therapeutic
approaches could not target DCs residing in the oral cav-
ity. Therefore, targeted allergen delivery may improve the
crosstalk between DCs and allergens [28, 29]. In this con-
text, a DC-specific aptamer could enhance the immuno-
modulatory responses after SLIT.

In the current study, exosomes and aptamers were used
as nanocarriers and delivery systems, respectively, to
boost the therapeutic efficacy of SLIT in an allergic ani-
mal model. Similar to previous studies using nanoparti-
cles (alone or targeted with aptamers) [23, 30-32], Our
results showed that sublingual administration of exo-
some nanoparticles decorated with DC-specific aptamer
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Fig. 6 Serum concentrations of Ova-specific IgE after SLIT in differ-
ent control and treatment groups including Control (not-sensitized and
not-treated healthy negative control animals), PBS (OVA-sensitized and
PBS-treated positive control animals), OVA (OVA-sensitized and 5 pg OVA-
treated animals), Exo (OVA-sensitized and Exo-treated animals), Exo-OVA
(OVA-sensitized and Exo-OVA complex (containing 5 pg OVA)-treated
animals), and Exo-OVA-Apt (OVA-sensitized and Exo-OVA-Apt complex
(containing 5 pg OVA)-treated animals) (n=5 in each group) (Data are
presented as mean+SEM) (One-Way ANOVA was applied to statistically
compare different group and **** indicates p < 0.0001)

alleviated allergic inflammation and induced Thl and
Tregs immune responses.

Recently, exosomes have been widely used as prom-
ising agents for drug specific-targeting in various dis-
eases. This biocompatible nanoscale delivery system has
excellent stability and durability, and low toxicity and
immunogenicity due to its endogenous entity [33-35].
Previously, Sun et al. demonstrated that curcumin-loaded
exosomes had higher bioavailability, solubility, and

immunomodulatory capacity than unformulated cur-
cumin [36]. In addition, Haney et al. reported that exo-
some-formulated catalase could induce neuroprotective
effects due to crossing the blood-brain barrier [37]. Simi-
larly, our results showed that sublingual administration
of exosome-formulated Ova significantly induced immu-
nomodulatory responses and alleviated inflammation in
the airways of mice compared to free Ova.

The MSC-isolated exosomes showed regulatory poten-
tial similar to that of MSCs [38, 39]. Several lines of evi-
dence have identified the immunomodulatory capacities
of MSCs or MSC-derived exosomes in inflammatory air-
way diseases. Adipose-isolated MSCs and collected exo-
somes were shown to alleviate AHR [40, 41]. In another
study, MSC-derived secretome containing exosomes sig-
nificantly suppressed anaphylaxis, decreased IL-4, IL-5,
IL-13, and IgE concentrations, and increased regulatory
cytokines including TGF-f and IL-10 [38]. These findings
are consistent with our result which showed a remark-
able enhancement in TGF-B and a significant reduction
in the number of eosinophils and inflammatory cells in
NALF in animals treated sublingually with MSC-derived
exosome. In addition, the mentioned studies are consis-
tent with the findings of Dong et al. who administered
MSC-derived exosomes intratracheally [13], and Mun et
al. [42], Dehnavi et al. [43], and Ren and colleagues [44],
who administered MSC-derived exosomes intranasal,
and Wang and colleagues who treated with MSC-derived
exosome complex to evaluate regulatory responses in
allergic rhinitis animal model [45]. Interestingly, it was
shown that prophylactic treatment with MSC-derived
exosomes could suppress allergic sensitization in animal
model [46].

In our study, the surface of MSC-derived exosomes
was functionalized with DC-specific aptamer and used
to enhance the therapeutic efficacy of SLIT. To the extent
that we are informed, this study is the first experiment in
which exosomes were modified with DC-specific aptamer
to enhance allergen-specific sublingual immunotherapy.
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Fig. 7 Cytokine production in the supernatant of cultured splenocytes in different control and treatment groups including Control (not-sensitized and
not-treated healthy negative control animals), PBS (OVA-sensitized and PBS-treated positive control animals), OVA (OVA-sensitized and 5 pg OVA-treated
animals), Exo (OVA-sensitized and Exo-treated animals), Exo-OVA (OVA-sensitized and Exo-OVA complex (containing 5 ug OVA)-treated animals), and Exo-
OVA-Apt (OVA-sensitized and Exo-OVA-Apt complex (containing 5 pg OVA)-treated animals) (n=5 in each group) (Data are presented as mean +SEM)
(One-Way ANOVA was applied to statistically compare different group and ns, no significant. p <0.05 **** p <0.0001)
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Fig. 8 Effects of SLIT on the number of total cell and eosinophil in NALF in different control and treatment groups including Control (not-sensitized
and not-treated healthy negative control animals), PBS (OVA-sensitized and PBS-treated positive control animals), OVA (OVA-sensitized and 5 g OVA-
treated animals), Exo (OVA-sensitized and Exo-treated animals), Exo-OVA (OVA-sensitized and Exo-OVA complex (containing 5 pg OVA)-treated ani-
mals), and Exo-OVA-Apt (OVA-sensitized and Exo-OVA-Apt complex (containing 5 ug OVA)-treated animals) (n=5 in each group) (Data are presented as
mean + SEM) (Data are presented as mean + SEM) (One-Way ANOVA was applied to statistically compare different group and ns, no significant, ** p <0.01,
**¥¥*¥ 1 <0.0001)

Accordingly, we hypothesized that delivery of DC-spe-  therapy with a specific aptamer led to a reduction in
cific aptamer with exosomes containing 5 pg Ova as a  allergen dose with the same efficacy compared to Ova-
novel approach could improve the efficacy of SLIT and Exo complex. In agreement with our results, Shahbaz et
induce immunomodulatory responses in Ova-induced al. reported that sublingual administration of 10 pg/5 pg
allergic rhinitis in BALB/c mice. The results showed that  Ova-loaded PLGA nanoparticles decorated with aptamer
this formulation could efficiently enhance the efficacy of has a great potential effect on regulating Th1/Th2 bal-
SLIT by increasing TGF-p and IEN-y and decreasing IL-4  ance, inducing Treg responses and alleviating airway
concentration, inflammatory cells and eosinophil infiltra-  inflammation [30]. Similarly, Sadeghi et al. showed that
tion. Previously, our group demonstrated that sublingual ~ SLIT with aptamer-modified gold nanoparticles contain-
administration of exosomes containing 10 pg Ova signifi-  ing 5 ug Ova significantly reduced the levels of IgE and
cantly reduced inflammation and induced immunomod-  IL-4, increased the concentration of IFN-y and TGF-f,
ulatory responses in an animal model [19]. Thus, targeted
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Fig. 9 Histopathological examination of lung tissue in BALB/c mice in experimental groups ((a) normal healthy mice; (b) Ova-sensitized PBS-received;
(c) Ova-sensitized Ova-received; (d) Ova-sensitized Exo-received, arrows show limited cellular infiltrations and hyperemia ; (e) Ova-sensitized Exo-Ova-
received, asterisks show cellular infiltrations; (f) Ova-sensitized Exo-Ova-Apt-received, arros show peribronchial cellular infiltrations) (x400 and x 100

magnification microscopy of Hematoxylin and Eosin (H&E) stained sections)

and also attenuated local inflammation in lung tissue
[23].

Conclusion

Based on our findings, loading 5 pg Ova into the MSC-
derived exosome could significantly improve the efficacy
of sublingual immunotherapy in mice compared to free
Ova. In addition, for the first time in the field of allergic
immunotherapy of allergic asthma, we decorated exo-
some nanoparticles with DC-specific aptamer to solve
the high dose of allergen required for SLIT. Our results
showed that the Apt-Ova-Exo formulation containing
5 pg Ova shifted immune responses from Th2 to Thl,
induced regulatory T cells, and reduced inflammation in
lung tissue compared to other experimental groups. In
addition, the results revealed a reduction in the required
dose of Ova to achieve the same or even greater efficacy
than free Ova or non-targeted Ova-loaded exosomes
by facilitating allergen delivery to DCs in the sublin-
gual mucosa. Thus, we believe that exosome-based and
aptamer-directed immunotherapy may be beneficial
for boost the effectiveness of SLIT for allergic rhini-
tis. Although, further detailed studies are demanded to
reveal the efficacy of this complex in the future.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513287-024-04099-z.

[ Supplementary Material 1 ]

Author contributions

MS contributed in Investigation, Methodology, Project Administration, and
Writing Original Draft, SD contributed in Conceptualization, Methodology,
Project Administration, and Writing, Review & Editing, AK contributed

in Supervision and Validation, AAG contributed in Data Curation and
Formal Analysis, AG contributed in Validation, MS contributed in Project
Administration, AA contributed in Conceptualization, Methodology,
Resources, and Wiritng, Review & Editing.

Funding

The Cellular and Molecular Research Center supported this research, Medical
Basic Sciences Research Institute, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran. (Grant No. CMRC-9924)

Data availability
All data generated or analyzed during this study are included in this
manuscript.

Declarations

Ethics approval and consent to participate
This study is based on the approved project entitled “Evaluation the efficacy of
sublingually administrated OVA-encapsulated Adipose-derived mesenchymal


https://doi.org/10.1186/s13287-024-04099-z
https://doi.org/10.1186/s13287-024-04099-z

Sadeghi et al. Stem Cell Research & Therapy (2024) 15:481

stem cell-derived exosome nanoparticles modified by DC-specific aptamer
in allergic mouse model”. All experiments were approved by the Institutional
Animal Ethics Committee of the Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran (Approval number: IR AJUMS.ABHC.REC.1399.059) (Date
of approval: 2021.1.12). In addition, this work has been reported in line with
the ARRIVE guidelines 2.0.

Conflict of interest
All authors declare no potential conflict of interest.

Al declaration
The authors declare that they have not use Al-generated work in this
manuscript.

Author details

ICellular and Molecular Research Center, Medical Basic Sciences Research
Institute, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran
2Cancer, Petroleum and Environmental Pollutants Research Center, Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran

3Department of Immunology, Faculty of Medicine, Ahvaz Jundishapur
University of Medical Sciences, Ahvaz, Iran

4Student Research Committee, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran

°Allergy Research Center, Mashhad University of Medical Sciences,
Mashhad, Iran

®Immunology Research Center, Mashhad University of Medical Sciences,
Mashhad, Iran

’Department of Immunology, Faculty of Medicine, Mashhad University of
Medical Sciences, Mashhad, Iran

8Molecular and Medicine Research Center, Arak University of Medical
Sciences, Arak, Iran

Received: 30 September 2024 / Accepted: 6 December 2024
Published online: 18 December 2024

References

1. LvJ,Kong X-m, Zhao Y, Li X-y, Guo Z-, Zhang Y-j, et al. Global, regional
and national epidemiology of allergic disorders in children from 1990 to
2019: findings from the Global Burden of Disease study 2019. BMJ open.
2024;14(4).e080612.

2. Pawankar R. Allergic diseases and asthma: a global public health concern and
a call to action. Springer; 2014. pp. 1-3.

3. BryantN, Muehling LM. T-cell responses in asthma exacerbations. Ann Allergy
Asthma Immunol. 2022;129(6):709-18.

4. LanF,Zhang N, Bachert C, Zhang L. Stability of regulatory T cells in T helper
2-biased allergic airway diseases. Allergy. 2020;75(8):1918-26.

5. Moote W, Kim H, Ellis AK. Allergen-specific immunotherapy. Allergy Asthma
Clin Immunol. 2018;14:1-10.

6. Durham SR, Shamji MH. Allergen immunotherapy: past, present and future.
Nat Rev Immunol. 2023;23(5):317-28.

7. Boonpiyathad T, Lao-Araya M, Chiewchalermsri C, Sangkanjanavanich S,
Morita H. Allergic rhinitis: what do we know about allergen-specific immuno-
therapy? Front allergy. 2021,2:747323.

8. Chesné J, Schmidt-Weber CB, von-Bieren JE. The use of adjuvants for
enhancing allergen immunotherapy efficacy. Immunol Allergy Clin.
2016;36(1):125-45.

9. Tankersley M, Han JK, Nolte H. Clinical aspects of sublingual immunotherapy
tablets and drops. Ann Allergy Asthma Immunol. 2020;124(6):573-82.

10.  Calderon M, Simons F, Malling HJ, Lockey R, Moingeon P, Demoly P. Sublin-
gual allergen immunotherapy: mode of action and its relationship with the
safety profile. Allergy. 2012,67(3):302-11.

11, Aliu H, Rask C, Brimnes J, Andresen TL. Enhanced efficacy of sublingual
immunotherapy by liposome-mediated delivery of allergen. Int J Nanomed.
2017:8377-88.

12. Asadirad A, Baghaei K, Hashemi SM, Dehnavi S, Ghanbarian H, Mortaz E, et
al. Dendritic cell immunotherapy with miR-155 enriched tumor-derived exo-
some suppressed cancer growth and induced antitumor immune responses
in murine model of colorectal cancer induced by CT26 cell line. Int Immuno-
pharmacol. 2022;104:108493.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

Page 11 of 12

Dong B,Wang C, Zhang J, Zhang J, Gu Y, Guo X, et al. Exosomes from human
umbilical cord mesenchymal stem cells attenuate the inflammation of severe
steroid-resistant asthma by reshaping macrophage polarization. Stem Cell
Res Ther. 2021;12:1-17.

Lee K, Lee H, Bae KH, Park TG. Heparin immobilized gold nanoparticles for
targeted detection and apoptotic death of metastatic cancer cells. Biomateri-
als. 2010;31(25):6530-6.

Sabado RL, Balan S, Bhardwaj N. Dendritic cell-based immunotherapy. Cell
Res. 2017;27(1):74-95.

Sadeghi M, Asadirad A, Koushki K, Shahbaz SK, Dehnavi S. Recent advances
in improving intranasal allergen-specific immunotherapy; focus on delivery
systems and adjuvants. Int Immunopharmacol. 2022;113:109327.

Chen K, Liu B, Yu B, Zhong W, Lu 'Y, Zhang J, et al. Advances in the develop-
ment of aptamer drug conjugates for targeted drug delivery. Wiley Interdisci-
plinary Reviews: Nanomed Nanobiotechnol. 2017;9(3):e1438.

Sanjanwala D, Patravale V. Aptamers and nanobodies as alternatives to
antibodies for ligand-targeted drug delivery in cancer. Drug Discovery Today.
2023,28(5):103550.

Dehnavi S, Khodadadi A, Asadirad A, Ghadiri AA. Immune response modula-
tion by allergen loaded into mesenchymal stem cell-derived exosomes as

an effective carrier through sublingual immunotherapy. Immunobiology.
2023;228(3):152361.

Moghadam M, Sankian M, Abnous K, Varasteh A, Taghdisi S, Mahmoudi M,

et al. Cell-SELEX-based selection and characterization of a G-quadruplex
DNA aptamer against mouse dendritic cells. Int Immunopharmacol.
2016;36:324-32.

Dehnavi S, Khodadadi A, Asadirad A, Ghadiri A. Loading Ovalbumin into
Mesenchymal Stem Cell-Derived Exosomes as a Nanoscale Carrier with
Immunomodulatory Potential for Allergen-Specific Immunotherapy. Rep
Biochem Mol Biology. 2023;11(4):626.

Koushki K, Varasteh A-R, Shahbaz SK, Sadeghi M, Mashayekhi K, Ayati SH, et al.
Dc-specific aptamer decorated gold nanoparticles: A new attractive insight
into the nanocarriers for allergy epicutaneous immunotherapy. Int J Pharm.
2020;584:119403.

Sadeghi M, Koushki K, Mashayekhi K, Ayati SH, Shahbaz SK, Moghadam M, et
al. DC-targeted gold nanoparticles as an efficient and biocompatible carrier
for modulating allergic responses in sublingual immunotherapy. Int Immuno-
pharmacol. 2020;86:106690.

Sadeghi M, Shahbaz SK, Dehnavi S, Koushki K, Sankian M. Current possibilities
and future perspectives for improving efficacy of allergen-specific sublingual
immunotherapy. Int Immunopharmacol. 2021;101:108350.

Field K, Blaiss MS. Sublingual versus subcutaneous immunotherapy for
allergic rhinitis: what are the important therapeutic and real-world consider-
ations? Curr Allergy Asthma Rep. 2020;20:1-8.

Durham SR, Yang WH, Pedersen MR, Johansen N, Rak S. Sublingual immu-
notherapy with once-daily grass allergen tablets: a randomized controlled
trial in seasonal allergic rhinoconjunctivitis. J Allergy Clin Immunol.
2006;117(4):802-9.

Brimnes J, Kildsgaard J, Jacobi H, Lund K. Sublingual immunotherapy reduces
allergic symptoms in a mouse model of rhinitis. Clin Experimental Allergy.
2007;37(4):488-97.

Lin G, Wang J,Yang Y-G, Zhang Y, Sun T. Advances in dendritic cell targeting
nano-delivery systems for induction of immune tolerance. Front Bioeng
Biotechnol. 2023;11:1242126.

Novak N. Targeting dendritic cells in allergen immunotherapy. Immunol
Allergy Clin. 2006;26(2):307-19.

Shahbaz SK, Varasteh A-R, Koushki K, Ayati SH, Mashayekhi K, Sadeghi M, et
al. Sublingual dendritic cells targeting by aptamer: Possible approach for
improvement of sublingual immunotherapy efficacy. Int Immunopharmacol.
2020;85:106603.

Shahgordi S, Sankian M, Yazdani Y, Mashayekhi K, Ayati SH, Sadeghi M, et

al. Immune responses modulation by curcumin and allergen encapsulated
into PLGA nanoparticles in mice model of rhinitis allergic through sublingual
immunotherapy. Int Immunopharmacol. 2020;84:106525.

Tourdot S, Airouche S, Berjont N, Moussu H, Betbeder D, Nony E, et al. Efficacy
of sublingual vectorized recombinant Bet v 1a in a mouse model of birch
pollen allergic asthma. Vaccine. 2013,31(23):2628-37.

Canas JA, Sastre B, Del Rodrigo-Mufioz JM. Exosomes: a new approach to
asthma pathology. Clin Chim Acta. 2019;495:139-47.

Sadeghi M, Mohammadi M, Afshari JT, Iranparast S, Ansari B, Dehnavi S. Thera-
peutic potential of mesenchymal stem cell-derived exosomes for allergic
airway inflammation. Cell Immunol. 2024:104813.



Sadeghi et al. Stem Cell Research & Therapy

35.

36.

37.

38.

39.

40.

41.

(2024) 15:481

Ghafourian M, Mahdavi R, Akbari Jonoush Z, Sadeghi M, Ghadiri N, Farzaneh
M, et al. The implications of exosomes in pregnancy: emerging as new
diagnostic markers and therapeutics targets. Cell Communication Signal.
2022,20(1):51.

Sun D, Zhuang X, Xiang X, LiuY, Zhang S, Liu C, et al. A novel nanoparticle
drug delivery system: the anti-inflammatory activity of curcumin is enhanced
when encapsulated in exosomes. Mol Ther. 2010;18(9):1606-14.

Haney MJ, Klyachko NL, ZhaoY, Gupta R, Plotnikova EG, He Z, et al. Exosomes
as drug delivery vehicles for Parkinson’s disease therapy. J Controlled Release.
2015;207:18-30.

Lee D-G, Lee Y-J, Park S-H, Park H-R, Kang H, Kim J-E. Preventive Effects of

a Human Hematopoietic Mesenchymal Stem Cell (hHMSC) Therapy in
Ovalbumin-Induced Food Allergy. Biomedicines. 2022;10(2):511.

Geng D, Zibandeh N, Nain E, Gokalp M, Ozen A, Goker M, et al. Dental

follicle mesenchymal stem cells down-regulate Th2-mediated immune
response in asthmatic patients mononuclear cells. Clin Experimental Allergy.
2018,48(6):663-78.

de Castro LL, Xisto DG, Kitoko JZ, Cruz FF, Olsen PC, Redondo PAG, et al.
Human adipose tissue mesenchymal stromal cells and their extracellular
vesicles act differentially on lung mechanics and inflammation in experimen-
tal allergic asthma. Stem Cell Res Ther. 2017;8:1-12.

Gholami M, Ghorban K, Sadeghi M, Dadmanesh M, Rouzbahani NH, Dehnavi
S. Mesenchymal stem cells and allergic airway inflammation; a therapeutic
approach to induce immunoregulatory responses. Int Immunopharmacol.
2023;120:110367.

42.

43.

45.

46.

Page 12 of 12

Mun SJ, Kang SA, Park H-K, Yu HS, Cho K-S, Roh H-J. Intranasally administered
extracellular vesicles from adipose stem cells have immunomodulatory
effects in a mouse model of asthma. Stem Cells Int. 2021;2021(1):6686625.
Dehnavi S, Dadmanesh M, Rouzbahani NH, Karimi M, Asadirad A, Gholami M,
et al. Mesenchymal Stem Cell-derived Exosome; An Interesting Nanocarrier to
Improve Allergen-specific Intranasal Immunotherapy. Iran J Allergy Asthma
Immunol. 2023;22(6):561-74.

Ren J, LiuY,YaoY, Feng L, Zhao X, Li Z, et al. Intranasal delivery of MSC-derived
exosomes attenuates allergic asthma via expanding IL-10 producing lung
interstitial macrophages in mice. Int Immunopharmacol. 2021;91:107288.
Wang M, Zhao Y, Zhang Q. Human mesenchymal stem cell-derived exo-
somes accelerate wound healing of mice eczema. J Dermatological Treat.
2022;33(3):1401-5.

Asadirad A, Ghadiri AA, Amari A, Dehcheshmeh MG, Sadeghi M, Dehnavi

S. Sublingual prophylactic administration of OVA-loaded MSC-derived
exosomes to prevent allergic sensitization. Int Immunopharmacol.
2023;120:110405.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Immunomodulatory features of MSC-derived exosomes decorated with DC-specific aptamer for improving sublingual immunotherapy in allergic mouse model
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Formulation of Apt-modified Ova-enriched MSC-exosomes
	﻿Sensitization phase and SLIT
	﻿Assessing Ova-specific IgE concentrations
	﻿Measurement of cytokines secretion
	﻿Nasopharyngeal lavage fluid (NALF) analysis
	﻿Histological examination
	﻿Statistical analysis

	﻿Results
	﻿MSCs characterization
	﻿Exosomes characterization
	﻿Monitoring of Exo-Apt synthesis
	﻿Ova-enrichment of Apt-conjugated exosomes
	﻿The Ova-specific IgE antibody alteration after SLIT
	﻿Effect of SLIT on cytokine profile
	﻿Effect of SLIT on cell counting of NALF
	﻿Histological analysis of lung tissue

	﻿Discussion
	﻿Conclusion
	﻿References


