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Abstract: Allergen Immunotherapy (AIT) is the only etiological therapeutic method available for allergic rhinitis (AR). Currently,
several options for AIT in the market, such as subcutaneous immunotherapy (SCIT) and sublingual immunotherapy (SLIT), have
different routes of administration. These traditional methods have achieved encouraging outcomes in clinic. However, the side effects
associated with these methods have raised the need for innovative approaches for AIT that improve safety, shorten the course of
treatment and increase local drug concentration. Nanoparticles (NPs) are particles ranging in size from 1 to 100 nm, which have been
hired as potential adjuvants for AIT. NPs can be employed as agents for modulating immune responses in AR or/and carriers for
loading proteins, peptides or DNA molecules. This review focuses on different kinds of nanoparticle delivery systems, including
chitosan nanoparticles, exosomes, metal nanoparticles, and viral nanoparticles. We summarized the advantages and limitations of NPs
for the treatment of allergic rhinitis. Overall, NPs are expected to be a therapeutic option for AR, which requires more in-depth studies
and long-term therapeutic validation.
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Introduction
Allergic rhinitis (AR) is an increasingly serious respiratory disease affecting about 600 million populations worldwide."
Common symptoms of AR include rhinorrhea, nasal itching, pruritus and sneezing.” These symptoms are not fatal, but
the quality of the patients’ lives is seriously impaired with altered sleep quality, fluctuating emotion and poor daily
performance in school or office.** Effective treatments can greatly improve the life quality of those patients with AR.
As an allergic disease, the special immune responses caused by allergens contribute to the progress of AR. A variety
of immune cells participate in these reactions including nasal epithelial cells, mast cells, eosinophils, basophils, T helper
2 cells (Th2 cells), group 2 innate lymphoid cells (ILC2s), antigen-presenting cells and B cells.>”’ Allergen immu-
notherapy (AIT) is the only etiological therapy for AR, which aims to reshape the immune system by repeatedly
administrating pathogenic allergens to patients in a controlled manner.® The mechanisms of AIT mainly include inducing
a rapid decline in the degranulation of basophils and mast cells, triggering the transformation from Th2-type to Thl-type
reaction, and resulting in the transformation of allergen-specific IgE to IgG4. AIT can induce immune tolerance, thus
attenuating or even eliminating allergic reactions and subsequent immune events in patients who suffer from AR.”™'® At
present, subcutaneous immunotherapy (SCIT) and sublingual immunotherapy (SLIT) are the most common AIT
treatments, exhibiting excellent outcomes. However, long-term side effects and substandard local drug concentrations
have raised the requirement for innovative approaches for AIT to address these pitfalls.
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Currently, the application of nanoparticles (NPs) in the treatment of AR has been put forward and validated. NPs are
particles of matter ranging from 1 to 100 nm in size, making them easily absorbed by cells."* NPs can be employed as
agents for modulating immune responses or/and carriers for loading allergens and protecting them from degradation.' "’
At present, there are various types of NPs available for use in AIT. According to whether they can be degraded in vivo,
these particles are classified into biodegradable and non-biodegradable NPs. Biodegradable NPs mainly include natural
polymers (protein, poly-y-glutamine, polypeptide, polysaccharide and polyamide), synthetic polymers [poly(lactide-
coglycolic acids), PLGA), poly(lactic acids), PLA), poly(e-caprolactone), PCL), poly(methyl methacrylate), PMMA),
poly(alkyl-cyanoacrylates), PACA), and copolymers], liposomes and virus-like particles. Meanwhile, non-biodegradable
NPs are composed of many materials, including gold, silica, and polymers, etc. The availability of both biodegradable
and non-biodegradable NPs has been explored, and their advantages in the treatment of AR compared with placebo have
been confirmed. To enhance the administration of AIT for patients with AR, this review focuses on summarizing the

immune responses associated with AR and the advantages and disadvantages of NP-based AIT.

Immune Responses in Allergic Rhinitis
The immune response of AR is mainly induced by the inhalation of perennial or seasonal allergens. The general process

of this response is antigen perception, antigen presentation and sensitization, and symptom generation and inflammation.
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During the whole process, nasal epithelial cells, mast cells, eosinophils, basophils, Th2 cells, group 2 innate lymphoid
cells (ILC2s), antigen-presenting cells and B cells all play a role (Figure 1).5®

Nasal mucosal epithelial cells are the first line of defense against allergens, which are responsible for sensing
allergens.'®2° Once these cells are attacked by allergens, they adjust innate and acquired immunity, and promote the
switch from innate immunity to acquired immunity. In detail, epithelial cells express almost all reported toll-like
receptors (TLRs).?'** Most of these TLRs are elevated during AR, such as TLR2 and TLR4, which can enhance Thl
response. Besides, epithelial cells can induce innate immune response by secreting thymic stromal lymphopoietin
(TSLP), interleukin (IL-1a, IL-25, IL-33, etc.), chemokines (CCL-2, CCL-20, etc.), etc. As a consequence, conventional
dendritic cells (¢cDCs) are stimulated and differentiated into ¢cDC2, triggering the transformation from naive T cells to
Th2 cells.”>*

When allergens enter the nasal mucosa, they are captured by DCs and processed into peptides, and the sensitization
phase begins. Then, these antigen peptides are presented to naive CD4" T cells in the draining lymph node. Upon
receiving antigenic stimulation, the naive CD4" T cells are activated, then differentiated into allergen-specific Th2 cells
and follicular helper T cells (TFH).** 2’ Th2 and TFH cells induce B cells to mature into plasma cells by secreting IL-4,
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Figure | Pathophysiology and AIT of allergic rhinitis. During the sensitization phase, allergens are presented to and processed by dendritic cells and trigger a series of consequent
immune events causing the transformation of plasma cells from B cells. Plasma cells produce allergen-specific IgE that binds to their receptor on the membrane of mast cells and
basophils and subsequently induce the generation of memory allergen-specific Th2 cells and IgE-secreting B cells. Once these individuals were attacked by these allergens again,
basophils and mast cells activates, and allergic mediators release and symptoms of allergic rhinitis happen within several minutes (acute-phase inflammation). Besides, the memory
Th2 cells release IL-4, IL-5 and IL-13, resulting in the accumulation of inflammatory immune cells, increased vascular permeability and enhanced IgE generation by memory B cells
(late-phase inflammation). Administration AIT to patients with allergic rhinitis improve the symptoms of inflammation via three means which are decreasing the degranulation of
basophils and mast cells, inducing a shift from a Th2-type response to a Thl-type one, and leading to a switch from allergen-specific IgE to 1gG4.

Abbreviations: cDC, conventional dendritic cells; ILC2, group 2 innate lymphoid cell; Th2, type 2 T helper cells; Thl, type | T helper cells; FTH, follicular helper T cells;
Treg, regulatory T cells; IgE*B, IgE-secreting B cells; AT, allergen immunotherapy; TSLP, thymic stromal lymphopoietin; IL-25, interleukin-25; CCL2, C-C motif chemokine
ligand 2; PGD2, prostaglandin D2; LTD4, leukotriene D4; LTE4, leukotriene E4; TGFp, transforming growth factor beta; IgE, immunoglobulin E.
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IL-13 and IL-21, which in turn produce allergen-specific IgE.*® After IgE is released into the circulation, it binds to the
high-affinity IgE receptor (FceRI) on the surface of mast cells and basophils through its Ce3 domain, resulting in the
formation of pools of memory allergen-specific Th2 and B cells.

When the allergen re-enters the nasal mucosa of allergic individuals, the symptom production and inflammation phase
begins. This phase contains an immediate release of chemical mediators mainly derived from mast cells and basophils
mediated by IgE (acute-phase response), and a late-phase response resulted from other effector cells mainly including
eosinophils, neutrophils, basophils and Th2 cells.® During the acute response, the allergens bind to IgE on mast cells and
basophils in the nasal mucosa, leading to cross-linking between IgE and FceRI.%° Subsequently, mast cells and basophils
are activated and threshed, and pre-stored new synthetic mediators are released, such as histamine, sulfidopeptide
leukotrienes (leukotriene C4 and D4) and prostaglandin D2.°® As a result, the acute AR symptoms appear within
a few minutes.’*? Besides the acute response, a late-phase response characterized by infiltration of eosinophils,
neutrophils, basophils, Th2 cells, etc., in the nasal mucosa also contributes to this process.8 Among these cells, Th2
cells and ILC2s produce large amounts of classic type 2 cytokines, including IL-4, IL-5 and IL-13, which can be detected
within several hours after exposure to allergens.>'* These secreted cytokines result in recruitment and activation of
inflammatory cells into the nasal mucosa and subsequently lead to increased mucus and IgE production and vascular
leakage.**>° Activated eosinophils release specific particles containing cationic proteins, cytokines, and chemokines,
leading to tissue damage and remodeling.*”*® As a consequence of these complicated procedures, chronic inflammation
develops in the nasal mucosa.

Allergen Immunotherapy for Allergic Rhinitis

Presently, the clinical therapeutic schemes for AR include avoiding irritation and allergens, pharmacotherapy and
AIT.***° The drugs, including glucocorticoids, steroids, antihistamines, mast cell membrane stabilizers and leukotriene
receptor antagonists, have exhibited excellent achievements in the treatment of AR 2 However, there still exist some
patients who cannot tolerate drugs or their symptoms remain uncontrolled after pharmacotherapy. For those people, AIT,
which is the only etiological treatment for AR, may be a good choice.’

AIT aims to reprogram the immune system by repeatedly giving patients pathogenic allergens in a controlled
manner.*' AIT may lead to two possible payoffs: desensitization and tolerance. Desensitization is defined as short-
term low reactivity, that is, the threshold of reactivity to causative allergens increases after continuous administration of
the allergen. Tolerance refers to the ability to resist allergens even after the withdrawal of treatment.

The mechanisms of AIT in the treatment of AR are complicated (Figure 1). Generally speaking, its mechanism
mainly involves three phases, namely, rapid desensitization, early tolerance and sustained tolerance.*” The first phase,
rapid desensitization, includes a rapid decrease in the degranulation of basophils and mast cells. The second phase, early
tolerance, is characterized by increased IL-10 secreting regulatory B cells (Breg) and regulatory T cells (Treg) and
decreased IL-4 secreting Th2 cells, with a shift from a Th2-type response to a Thl-type one, which correlates with the
improvement in clinical. The third and final phase, sustained tolerance, refers to a switch from allergen-specific IgE to
IgG4 produced by B cells after stimulating by IL-10 secreted by Treg cells. IgG4 is a high affinity blocking antibody
competing with IgE. Through this transformation, allergen-induced release of mediators by mast cells and basophils is
greatly blocked. These sequential mechanisms result in immune tolerance, thereby attenuating or even eliminating
allergic reactions and subsequent immune events.” ' >*?

Various types of allergy vaccines have also brought some benefits, including recombinant allergen vaccine, T cell
epitope peptide vaccine, B cell epitope peptide vaccine, modified allergen vaccine, allergen DNA/RNA vaccine and so
on, we summarized the advantages and disadvantages of them (Table 1).

The traditional and most widely used AIT for AR is SCIT and SLIT (Figure 2a). The safety, effectiveness, and
tolerance of both methods have been confirmed via several randomized controlled trials (RCTs) and large-scaled meta-
analyses.”*>>>% Apart from SCIT and SLIT, new approaches such as intralymphatic, intradermal, epicutaneous, and
intranasal routes have also been introduced into clinical practice, and satisfactory results have been achieved.**->*-%
However, the long-term safety and effectiveness of these novel approaches require validation through large-scaled
clinical trials.®
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Table | Vaccines Applied for AIT
Type Principle Advantage Disadvantage References
Recombinant | Use of recombinant DNA Prolong the allergen half-life Compared with standardized allergen extract, | [43—46]
allergen technology to enable bacteria, | and reduce the combination it has not shown additional benefits.
vaccine yeast, etc. to express antigenic | with IgE.
proteins
T cell epitope | Synthetic allergen T-cell Avoid unnecessary epitopes, There are some difficulties in the synthesis of | [47—49]
peptide epitope polypeptides will not induce IgE peptides, and there are limitations of
vaccine sensitization, and the histocompatibility complexes, which stimulate
preventive effect is lasting. allergen-specific T cells in vivo and cause

allergic inflammation.
B cell epitope | Synthetic allergen B-cell Reduce IgE reactivity and Most of them are linear epitopes, and the [43,47,50]
peptide epitope polypeptides allergen-specific T cell prediction of conformational epitopes is
vaccine activation without multiple complicated, so it is impossible to identify all

injections. epitopes accurately and comprehensively
Modified Modification of allergenic Destroy IgE epitope and Processing conditions need further study. [51-53]
allergen extracts by chemical reduce allergy.
vaccine modification, sonication and
enzymatic digestion

Allergen Plasmid DNA/mRNA Prevent the formation of IgE. | When the vaccine is integrated into the [54]
DNA/RNA encoding allergens genome, there is a risk of cancer. Plasmid
vaccine DNA induces autoimmunity, and the long-

term expression of the encoded antigen

causes systemic inflammation.

The above conventional AIT options have exhibited encouraging effects. However, several limitations have emerged
over time.”®' First, the quality and standardization of allergens containing microbial components or contaminated non-
allergenic proteins are susceptible to induce side effects. Frequent treatment of allergens with T cell epitopes and IgE may
trigger IgE- and T cell-mediated adverse events. Although the side effects of AIT are usually local reactions, rather than
systemic reactions, some patients cannot tolerate these adverse effects because of the long duration (3 years).** Also, the
local drug concentration is sometimes substandard, resulting in undesirable therapeutic effects. Therefore, new methods
to overcome these shortages are necessary.

Nanoparticle-Based Allergen Immunotherapy

To address the shortages of conventional AIT, adjuvants have been employed. An adjuvant refers to a compound or
substance that is co-administered with the allergen extract and possesses the ability to enhance the immunogenicity
of allergens and/or to regulate the immune response.*>®~® Based on the function of the adjuvants, they can be
classified into delivery systems and immunomodulators. The former category has the ability to modulate the
presentation of antigens and the later one can be applied to affect the immune response directly.®*” An ideal
adjuvant need to promote stable and durable immune responses and should be equipped with non-toxic, economical
and effective characteristics.®® Besides, they are required to provide optimal physiochemical properties (eg, absorp-
tion ability and particle morphology) and some biological activity properties (eg, avoiding the Th2-type immune
response and increasing the IgG4 antibody titers).’” Till now, only four compounds have been employed as
adjuvants in the market for AIT, which are aluminum hydroxide, microcrystalline tyrosine, calcium phosphate and
monophosphoryl lipid A. Among the four adjuvants, the former three products are usually regarded as delivery
systems with storage capacity and are first-generation adjuvants, while the last one refers to an immunostimulatory
agent and is the only second-generation adjuvant used for AIT. Although the application of these products is
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Figure 2 Schematic showing the nanoparticles. (a) main ways of administration of AIT. (b) The advantages of nanoparticles. (c) The classification of nanoparticles.

encouraging, there exist some limitations which have been summarized in other reviews.® For instance, aluminum
can induce a Th2-type response and autoimmune/autoinflammatory syndrome. Calcium phosphate can cause local

adverse events and exhibits inadequate adjuvant ability.””
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In addition to these traditional agents, multiple potential adjuvants are under research, such as NPs, phosphatidylser-
ine derivatives and immunostimulatory sequences (ISS). Recently, the application of NPs-based AIT in the treatment of
AR has been proposed because of their properties and functions. NPs are particles of matter ranging from 1 to 100 nm in
size, which can be up taken by cells via endocytosis. NPs can be hired as agents for modulating immune responses in AR
or carriers for loading proteins, peptides or DNA molecules. Specifically, some NPs possess both the two functions
concurrently. Five reasons may contribute to the potential application of NPs-based AIT for AR (Figure 2b). First, the
size of NPs is extremely small, making it easily up-taken by cells, and NPs can be mass-produced making patients
available for adequate drugs on time.'* Second, through encapsulating allergens into NPs, allergens can escape
degradation by enzymes and get rid of the trouble of IgE recombination.'”** Third, NPs can transport allergens to the
site of action so that local allergens can reach a satisfactory concentration.®® Fourth, NP can deliver allergens and
immune stimuli (eg, CPG motif and LPS derivative) synchronously.®* Finally, some NPs can modulate the immune
responses themselves effectively and safely.'>!”

According to whether NPs used for AIT are degradable in vivo, they are divided into biodegradable NPs and non-
biodegradable NPs. We here summarize the applications, strengths and limitations of these NPs applied for AIT
(Figure 2c).

Biodegradable Polymers

Biodegradable NPs are applied as one of the most exploited polymers in drug delivery system over the past years.
Biodegradable NPs mainly include natural polymers (protein, poly-y-glutamine, polypeptide, polysaccharide and poly-
amide), synthetic polymers [poly (lactide-coglycolic acids), PLGA), poly (lactic acids), PLA), poly (e-caprolactone),
PCL), poly (methyl methacrylate), PMMA), poly (alkyl- cyanoacrylates), PACA), and copolymers], liposomes and virus-
like particles.

Natural Biodegradable Polymers

Polysaccharide

Poly(D-glucosamine) (also known as chitosan) is a very abundant linear amino-functional polysaccharide in nature
derived from chitin through deacetylation. Chitin is mainly obtained from crustacean shells via a series of processes,
including grinding shell waste, demineralization with acid, deproteinization with alkaline, and decolorization with
ethanol (Figure 3a).71°73 Structurally, chitosan consists of randomly distributed n-acetyl-d-glucosamine (acetylation
unit) and b- [1-4]- linked d-glucosamine (deacetylation unit). Chitosan-based NPs are regarded as excellent carriers
because they can produce both carbon dioxide and water without causing toxic effects or immunogenicity. In fact,
chitosan is the most widely explored natural biodegradable polymer in AIT. The glycosidic bond of chitosan is soluble in
water and subsequently leads to the formation of positive charges, gelation, and membrane forming characteristics.’* The
factor affecting the function of chitosan is its solubility which is determined by the pH value, the degree of deacetylation,
molecular weight (MW) and ionic solution strength.”>’® When the degree of deacetylation is around 40%, chitosan can
be dissolved to a pH of 9, but when that is about 80%, chitosan can only be dissolved to a maximum pH of 6.5, which is
also the ideal pH for chitosan dissolution. The hydrolytic process of chitosan degradation consists of the reactivity of
fragile polymer bonds with physiological fluids or water,”” and the rate of this process is determined by the accessibility
of water into the polymer matrix.”® In this case, it is necessary to modify chitosan in order to expand the pH range of
chitosan dissolution.”® Due to its physical and chemical properties, chitosan has been approved in the United States and
Europe for its application in human hemostatic agents ®'. As far as AR is concerned, chitosan has been developed as
a carrier loading drugs, such as ketotifen (histamine release inhibitor),*® cetirizine (histamine receptor antagonist),*®-*!
astragalus polysaccharide® and cromolyn.®® Through delivery by chitosan, the inherent defects, such as irritation to
mucosa, lack of target-specific sequential release of drugs and short mucosal in situ retention, of administrating these
traditional drugs by traditional methods can be greatly attenuated. Sun et al designed ketotifen-cetirizine loaded
hydroxybutyl chitosan nanoparticles to prolong the drug retention in the nose and improve histamine-mediated AR
(Figure 3b).*” In addition to these drugs, chitosan has been extensively studied as an agent to load allergens and maintain
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nanoparticles. (b) Therapeutic mechanism of chitosan nanoparticles loaded with ketotifen (KT) and cetirizine (CTZ) in allergic rhinitis rats.

their immunogenicity.** Functionally speaking, chitosan-based NPs encapsulated with allergens can result in altered
abilities of DCs in up-taking, processing and presenting antigens, and a reduction of IFN-y and IL-10 secretion.®>*® Also,
chitosan-based NPs with or without loading allergens can induce Thl-type reaction or Treg generation to resist allergic
responses.®” " For example, Ou et al®’ employed chitosan as a carrier loading a DNA vaccine co-expressing Der p 1
allergen and murine ubiquitin to treat AR in mouse model and confirmed its effect in controlling inflammation of nasal
mucosa of AR. They also reported that the possible mechanism is that this complex can induce the transformation from
IgE to IgG and the switch from Th2 reaction to Thl response. In particular, chitosan-based IL-5 antisense oligodeox-

ynucleotide complex has been proved to be an efficient method to repair the disorder of IL-5 in AR.”’

Proteins

Gelatin is composed of denatured and hydrated collagen derived from animals, which has been approved by the Food and
Drug Administration (FDA). When treating allergic horses, gelatin NP-based CpG exhibits an obvious effect on
enhancing IL-10 level and reducing allergic symptoms (nasal discharge, respiratory effort, viscosity and tracheal
secretion).”? Hathout et al reported a computer simulation system to predict the drug loading of gelatin nanospheres,
which is helpful to save time and drug cost.”> Other than gelatin, protamine, a kind of arginine-rich protein derived from
the sperm of fishes, has also shown its potential in AIT. When meeting DNA, nucleotides or peptides/proteins, protamine
can bind to them and play a role. Treating mice with protamine-based NPs loaded with the major peanut allergen (Ara
h2) from peanuts and CpG can weaken Th2-type allergic immune responses without causing obvious skin test reactivity.
Besides, stimulation of DCs with this NPs complex carrying Ara h2 leads to enhanced CD11c, CD80 and IL-6 levels.”
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Besides, proteins can be coupled to polysaccharides. Grass pollen or cat allergens connected to sepharose microbeads
by cyanogen halides triggered an allergen-specific Thl immune response without causing granulomatous tissue reactions
in mice. Additionally, these particles can guard against or even diminish eosinophils in bronchoalveolar lavage fluid, as
well as promote a switch from IgE to [gG2a generation. Besides, these particles can be internalized by human DCs
in vitro, and give rise to increased levels of CD86, IL-8 and TNF-a.”>°® Apart from this type of particle, neoglycocom-
plexes of ovalbumin (OVA) or papain-conjugates with mannan induced elevated specific humoral immune responses and
a shift from IgE towards IgG, especially IgG1 in mice. Finally, papain glycocomplexes can easily and efficiently combine
with the DC targeting and masked B-cell epitopes.’’

Polypeptide

Peptides with various lengths derived from allergens are also promising methods for AIT.”® At present, the most widely
studied peptides are poly-gamma glutamic acid (PGA) and poly-hydroxyethylaspartamide (PHEA). Peptides possess the
capacity to affect genes and pathways related to tolerogenic responses. A clinical trial concentrating on the application of
peptides in skin revealed that the amount of both Th1 cells (CD4"/IFN-y") and CD25" cells dramatically increase.”® Other
clinical trials using a mixture of peptides obtained from bee venom allergen and the major cat allergen (Fel d 1) also found
changes in both cellular and humoral immunity caused by the mixture.'**'°! Importantly, besides to controlling tolerogenic
responses, these peptides meet one of the most vital requirements for the creation of vaccines that are incapable of activating
basophils, which makes them easily available for peptides-based AIT.'*!*® The above evidence indicates that peptides can
affect tolerogenic reactions and can be candidates to create vaccines. However, peptides have some inherent shortcomings
that are weak immunogenicity and stability. Recently, researchers are attempting to readjust the composition of peptides-
based NPs to solve their limitations. For instance, Ding et al'® designed and constructed smart peptide defense web
technique to assemble peptides, thus enhancing their stability. It is found that this assembly can reduce symptoms of rhinitis
and levels of inflammatory factors, even better than cetirizine (the first-line clinical drug for AR) in mice with AR. Another
group of scholars designed four kinds of dendrimeric scaffolds containing an ester/ether with nine mannoses, an ester
succinimidyl linker with nine N-acetyl-glucosamine or nine ethylene glycols, which are conjugated to T cell immunodomi-
nant epitope of the major pollen allergen Ole e 1 (OE109-130) in order to develop new vaccines against olive pollen allergy.
They demonstrated that mannosylated dendrimers conjugated to OE109-130 peptide may be an appropriate option because
they do not exhibit cytotoxicity and show low colocalization with a lysosomal marker and display significant effects on
promoting Treg proliferation and IL-10 secretion.'® Zhuang et al'®® developed the polymer-polypeptide nanomaterial with
a CCR3 antagonistic peptide and a pH-responsive polyethylene and encapsulated ketotifen. The material played the role of
“nasal in situ assembly” and was transformed into nanofibers in the nasal cavity, thus improving the retention of the drug in
the nasal cavity. In a word, proper modification of the structure of peptides-based NPs is helpful to overcome their pitfalls and
improve their efficiency.

Exosomes

Exosomes are nanosized lipid vesicles secreted by cells that are involved in intercellular communication and material
transport.'”” Exosomes are also present in nasal lavage fluids, and the contents of exosomes may interact with immune
cells and be associated with the progression of allergic rhinitis'®®*''"® Exosomes have also been developed as drug
delivery vehicles for the treatment of allergic rhinitis. In mouse models, exosomes from different sources show inhibition
of allergy (Table 2). However, translation of clinical studies still faces many challenges, such as low yields, low purity,
and lack of standardized isolation and highly quantitative production methods, so in-depth studies are needed to better

utilize exosomes. 112

Synthetic Biodegradable Polymers

Poly Lactic-Co-Glycolic Acid Nanoparticles
Poly (lactic-co-glycolic acid) (PLGA) is the most extensively explored synthetic biodegradable polymers in AIT due to
their safety, biocompatibility and biodegradability.'”-*"*¢78% Actually, PLGA has been approved by the European
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Table 2 Exosomes Applied for AIT in Allergic Rhinitis

Source of Exosomes Cargo Species Route Outcomes References
Dendritic cell OVA and OVA and alum Nasal instillation Antigen-specific type | [113]
tetramethylcurcumin | induced AR mice Tregs?
Mesenchymal stromal cells miR-146-5p Mice with allergic Intravenous Group 2 innate lymphoid [114]
airway inflammation injection cells |
Human Embryonic Kidney CpG DNAFIOVA OVA and aluminum Inject through the | Thl response 1 [I15]
293 Cells hydroxide induced AR | left and right
mice nostril
Human umbilical cord P-D2 peptide OVA induced AR mice | Intranasal Thl response 1, [116]
mesenchymal stem cells (CP- Recruitment and activation
CLI1I cells) of DC cells]

Abbreviations: OVA, ovalbumin; DC, dendritic cells.

Medicine Agency and the US Food and Drug Administration (FDA) for drug delivery, vaccine preparation and tissue
engineering.®' As for drug delivery, PLGA allows for controlled drug release, protection of the drug from biodegradation,
and rapid clearance.*®*"""'"11% The effects of PLGA-based NPs on both preventing mice against sensitization and
improving the symptoms in allergic mice have been investigated and confirmed. For instance, administrating mice with
allergens encapsulated by PLGA-based NPs can induce the switches toward Th1l immune response and allergen-specific
IgG2a, and increase the level of IL-10, thus protecting mice from sensitization."'®'2° Also, equipping allergens, such as
the major birch allergen (Bet v 1), the Chenopodium allergen (rChe a 3), with PLGA-based NPs can trigger Thl immune
responses, elevate the number of Tregs, and reduce the number of eosinophils, and finally result in attenuated symptoms
in AR and other allergic diseases in mice.'>''** In other cases, co-encapsulation of PLGA with CpG and peptides can
enhance both the prophylactic and therapeutic effects of PLGA-based NPs.''®!%124125 Eor example, co-encapsulation of
PLGA with CpG-motif and Der p 2 (major house dust mite allergens) or the bee venom phospholipase A2 stimulate
a strong Thl response to protect mice from sensitization.

As a biodegradable NP, PLGA can be degraded by enzymatic hydrolysis. However, an extremely long degradation
time of up to 2 years together with acidic degradation products that may negatively regulate the stability of allergens and
lead to inflammation are the main drawbacks of PLGA. To address these limitations, copolymers (such as PEG) with

basic features to neutralize acidity can be utilized.'”%*

Poly e-Caprolactone Nanoparticles

Poly (e-caprolactone) (PCL) is another attractive synthetic biodegradable polymer that is biocompatible, biodegradable,

and semicrystalline. PCL-based NPs can yield similar effects to PLGA. A previous study treated OVA-sensitized mice

with OVA-PCL and found an increased IgG1 level and decreased levels of IgE and histamine compared to OVA-alum.'?°
In a word, PLGA and PCL are fascinating synthetic biodegradable NPs for AIT, which can attenuate the symptoms of

AR and other allergic diseases.

Liposomes

Liposomes are small spherical vesicles comprising at least one phospholipid bilayer that can separate hydrophilic drugs
entrapped inside themselves from the aqueous environment.®*'?” Because liposome and cell membrane are similar in
composition and structure, they can be absorbed by cells in a fusion way. Also, as a type of nanoparticle, they can be
ingested by cells and release cargoes (Figure 4a). In practice, allergens can be entrapped in-between or encapsulated
within the lumen of the phospholipid bilayer or attached to the outer surface of liposomes via chemical conjugation
(Figure 4b).”" Liposomes are similar to a cell-structure with high biocompatibility and biodegradability, and they can
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optimize specific targeting at the site of action without unnecessary side effects.°"** Due to these special features,
liposomes have been applied as both immunomodulators and drug carriers for decades.

To maintain excellent electrostatic double-layer repulsion and dispersion and to interact with cells, a zeta potential no
less than 30 mV (either positive or negative) is necessary.'**'?° In light of this, liposomes are usually decorated with
cationic or anionic ligands to obtain a proper zeta potential. Based on the ligands equipped, liposomes are divided into
cationic, anionic and zwitterionic ones (Figure 4c). The advantages of cationic liposomes are that they have better affinity
over anionic ones for cell surface and salivary pellicles which bear negative charge.'**'*' But of course, anionic
liposomes exhibit better ability in loading cargo with positive charge.'**'** It is mentioned to note that, the surface
zeta potential of both cationic and anionic liposomes is dependent on the environment, especially the pH value.'** Given
this, zwitterionic liposomes were designed, which show absolutely complete charge reversal between positive and
negative zeta potential depending on the environmental PH value and their isoelectric points.'*>'?¢ Several experiments
have been conducted to explore the application of liposomes as immunomodulators in allergic immune response. For
instance, Nouri et al investigated the effect of cationic liposomes without allergens on mast cells, aiming to explore their
value in rapid desensitization."*” They indicated that the application of liposomes consisting of cationic 1,2-dioleoyl-sn-
glycero-3-phosphatidylethanolamine (DOPE) and cholesteryl-3bcarboxyamidoethylene-N-hydroxyethylamine (OH-
Chol) can dramatically reduce the degranulation of mast cells and vascular protein leakage even after the cross-linking
of IgE and FceRI.

As mentioned above, liposomes can be applied as carried loading allergens via both surface-linking and encapsulat-
ing. The value of both these two methods in AIT has been explored and confirmed in animal models or even in humans
(Table 3)."*7"*2 For instance, Nouri et al'** found that liposome-based NPs with recombinant hybrid molecule (rHM)
packing in them can result in a dramatic suppressive effect on the allergic immune reaction and a switch to a Thl
response. Similarly, treating allergic mice with liposomes containing Cry j1 (the major Japanese cedar pollen allergen)
subcutaneously and L-Der p 1 and p 2 (the major dermatophagoides pteronyssinus allergen) intranasally can enhance
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Table 3 Liposomes Applied for AIT in Allergic Rhinitis

Cargo' Species? Route Outcomes® References
rHM, protamine, CA induced allergic mice Subcutaneous | Th2/Thl switch?, IgE/lgG2a switch? [137]

DNA

Cryjl Cry jl induced allergic mice | Subcutaneous | Th2/Thl switch?, IgE/IgG2a switch? [138]
L-Derp |l and p 2 DP induced allergic mice Intranasal Th2/Thl switcht [139]

Fel d | Cat allergen induced AR Intranasal Nasal symptoms|, Th2/Thl switcht, IgE/IgGI switch? [140]

mice
a-GC, OVA OVA induced AR mice Sublingual Nasal symptoms|, Th2/Thl switcht, IgE/IgG| switch? [141]
Vitamin A and E AR patients (n=106) Intranasal Nasal symptoms|, eosinophils|, neutrophils|, mast [142]
cells|
Abbreviations: rHM, recombinant hybrid molecule; Cry j I, the major Japanese cedar pollen allergen; L-Der p I, the major dermatophagoides pteronyssinus allergen;

L-Der p 2, the major dermatophagoides pteronyssinus allergen; Fel d |, the major cat allergen; a-GC, alpha-galactosylceramide; OVA, ovalbumin; CA, Chenopodium album;
DP, dermatophagoides pteronyssinus; AR, allergic rhinitis; 1, increase; |, decrease; Th2/Th| switch, a switch from Th2 to Thl response; IgE/IgG2a switch, a switch from IgE
to IgG2a production; IgE/IgG| switch, a switch from IgE to IgG| production.

a Thl immune response with an increased IgG1 level and a decreased IgE level in allergic mice.'**'* As for AR,
researches have also indicated similar effects of liposomes in modulating immune response. In detail, administrating
mice suffering from AR with liposomes containing Fel d 1 (or a-galactosylceramide) and OVA attenuate nasal symptoms
and enhance a shift from Th2 toward Thl response and improve the production of IgG1 and reduce the level of IgE
(Figure 4e)."**'*! It is worth mentioning that the function of liposome-based NPs was also confirmed in patients with
AR. In short, liposomes loading vitamin A and E can inhibit nasal symptoms and reduce levels of eosinophils,
neutrophils and mast cells in AR patients without causing obvious adverse events compared with placebo, highlighting
the safety of liposome-based NPs.'*?

The above evidence confirms the significance of liposomes-based NPs in AIT. However, a vital issue that requires
special attention is that the effect of liposomes is greatly determined by the membrane fluidity. In other words, creating
liposome-based NPs with proper membrane fluidity via altering lipid components can affect the efficiency of these NPs.
Previous research compared the efficiency of four liposomes containing different lipid components in controlling allergic
symptoms and indicated that liposomes prepared by unsaturated lipids can cause the highest levels of IgG blocking
antibodies against OVA, which may be attributed to the increased fluidity of the bilayer membrane and components
within the membrane.'** Another study revealed that liposomes with abundant phosphatidylserine in the membranes are
more likely to mimic apoptotic cells releasing “eat-me-signals” and result in enhanced secretion of IL-12 and interferon
gamma (IFN-y) and reduced OVA-specific IgE levels.'** In addition to modification of the membrane fluidity of
liposomes, some other methods have also been applied to enhance the effect of liposomes, including PEGylation
using polyethylene glycol (PEG) and decoration with targeted ligands (peptides, antibodies and small molecules)
(Figure 4d). New liposomes are also worthy of further research. For example, modified liposomes with gelatinized
core are suitable for encapsulating hydrophilic drugs to achieve the purpose of sustained and controlled release.'*®

In conclusion, liposomes possess clear-cut advantages that they can be composed of individual, chemical-grade, and
high-purity components, making it easy to standardize production. However, the function of liposomes is largely
determined by their size, zeta potential, membrane fluidity and the “decoration” on their surface. Thus, to ensure the
liposomes can be absorbed and processed by APC cells and can ameliorate the allergic immune responses without
causing undesired adverse effects, the formulations of them need to be carefully optimized.

Virus-Like Particles

Virus-like particles (VLPs) consist numerous copies of a viral capsid protein that mimic a viral scaffold.** VLPs are

closely similar to viruses but are noninfectious because they are in the absence of viral genetic information.®''47
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Generally speaking, VLPs can provide the following five advantages: (1) lack of genetic material with integrative or
replicative ability, making them be safe products, (2) batch production of VLPs can be realized economically and quickly,
(3) the shape and size enable them to stimulate strong and rapid immune responses, (4) antigens can be loaded by VLPs
through covalent or non-covalent linkage to the surface of the VLPs or through genetic fusion into VLPs proteins, and (5)
immunostimulators can be attached within the VLPs. Based on these advantages of VLPs, three approaches have been
exploited to apply VLPs for the control of AR, which are VLPs embedding CpG motifs, VLPs loading allergens and
VLPs carrying cytokines (Figure 5a). The effects of administrating VLPs through all the three approaches have been
explored and confirmed"*®'®! (Table 4).

Unmethylated CpG dinucleotide motif is a pathogen-associated molecular pattern within oligonucleotides (CpG-
OND) or longer DNA molecules. CpG motifs can be recognized by TLR9 and then activate immune responses. As the
receptor of CpG-OND, TLR9Y is mainly detected in plasmacytoid DCs and B cells, which can stimulate the secretion of
Thi-like cytokines and chemokines and induce the switch toward IgG antibodies.'®® Besides, TLR9 mediated immune
responses have also been found in mast cells, granulocytes, neutrophils, eosinophils, and basophils.'®*> Based on the pro-
Thl activity of CpG-OND, bacteriophage QB-based VLPs containing TLR9 A-type CpG motif G10 (QB-G10) were
introduced in clinical trials for reprogramming Th2-biased immune response in AR. Data extracted from published
researches concentrating on the application of this type of NPs in the treatment of AR were initially promising. The
potential anti-allergy effects of QB-G10 were first explored in a Phase I/II trial containing 20 house dust mite (HDM)-
allergic patients.'”® Administration of QB-G10 boosted allergen-specific IgG1 and IgG4 levels and allergen tolerance
(100-fold) and sharply attenuated the symptoms of AR without causing typical mild side effects. Another phase IIb study
assessing the clinical efficacy of QB-G10 in 299 hDM-sensitized patients with AR symptoms also showed beneficial
effects of QB-G10 in both modulating immune response and reducing symptoms.'>” However, the authors also pointed
out that the HDM applied in their research represents a ubiquitous allergen source and that they cannot definitely exclude
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Table 4 Virus-Like Particles Applied for AIT in Allergic Rhinitis

VLP Antigen Size Species Route Outcomes References
Platform (nm)

(1) Loading allergen or allergen-derived T and B cell epitopes

AAV-2 B epitope of OVA N.A. Mice Subcutaneous | Suitable vaccine candidates [148]

Ty T epitope of Asp f 2 60 Mice Subcutaneous | Antigen-specific immunoglobulin [149]
(aa60-71, 2a235-249) classest

Ty Derp | 60 Mice Intraperitoneal | IL-5 production|, allergen-specific cell | [150]

proliferation|

eBP Der p 2 N.A. Mice Intraperitoneal | 1gG2at, Thl response? [151]
QB-GI10 Fel d | 30 Mice Subcutaneous | Treatment of Fel d |-induced [152]
anaphylaxis
CuMV T epitope of Fel d | 3040 | Mice Intramuscular | Neutralizing antibodies against Fel [153]
(tt830-843) dl1,

prevent allergies

CuMV Fel d | 3040 | Cat allergen induced Subcutaneous | Allergic symptoms] [154]
AR patients (n=20)

QB-GI10 Derp | 30 Healthy people (n=24) Intramuscular | 1gG? [155]

QB-GI10 HDM 30 HDM induced AR Subcutaneous | Nasal symptoms|, IgE/IgG| switch? [156]
patients (n=20)

QB-GI10 CYTO003 30 HDM induced AR Subcutaneous | Nasal symptoms], allergen tolerance? | [157]
(TLR 9 agonist) patients (n=299)
QB-GI10 Amb a | N.A. Ragweed allergen N.A. Nasal symptoms], IgE/IgG1 switcht [158]
induced AR patients
(n=25)

(2) Loading cytokines

HBcAg Mouse IL-4 peptide 25 Mice Subcutaneous Prophylactic vaccine for OVA induced | [159]

allergic response

HBcAg Mouse IL-13 peptide | 25 Mice Subcutaneous | Prophylactic and therapeutic vaccine [160]

for OVA induced allergic response

HBcAg Mouse IL-33 peptide | 25 Mice Subcutaneous | Prophylactic vaccine for OVA induced | [161]

allergic response

Abbreviations: VLP, virus-like particle; AAV-2, Adeno-associated viruses 2; Ty, Ty-transposon from yeast S. cerevisiae; eBP, enveloped bioparticle; Qf, bacterial phage; G10,
CpG motif 10; CuMV, cucumber mosaic virus; HBcAg, hepatitis B core antigen; OVA, ovalbumin; Asp f 2, the major fumigatus allergen; Der p |, the major house dust mite
allergen; Fel d |, the major cat allergen; HDM, house dust mite; TLR 9, Toll-like receptor 9; Amb a |, the major ragweed allergen; N.A., Not known; AR, allergic rhinitis; 1,
increase; |, decrease; IgE/IgG| switch, a switch from IgE to IgG| production.

the possibility that the enrolled patients were exposed to minimal amounts of HDM-allergen when receiving the
treatment. As a result, an antigen-dependent component that affects the efficacy of the vaccine could not be entirely
excluded. In short, the value of QB-G10-based NPs has been confirmed in AR, but large-scale prudent studies are still
required.

The second VLP-based approach is to decorate VLPs with full-length allergens or T/B cell epitopes at their surface to
induce blocking antibodies. Through experiments conducted in mice, full-length allergens have been identified as
modulators improving allergic immune responses. These studied allergens mainly include the major HDM allergen
(Der p 1 and Der p 2), Fel d 1, and the major mugwort pollen (Art v 1).">*7'5%193 Interestingly, Art v 1 attached to the
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surface of VLPs induced dramatically weaker degranulation of IgE-sensitized effector cells compared to their soluble
types.'® It is worth mentioning that the effect of VLP-based NPs carrying full-length allergens has been estimated in
clinical. The platforms of VLP used for clinical research mainly contain QB-G10 and CuMV. The positive effect of
applying QB-G10 as a platform to treat patients with AR has been summarized in the above content, and employing
CuMV as a platform yielded similar effects with QB-G10. The anti-allergy effects of CuMV-based NPs carrying Fel d 1
was first explored in a clinical trial containing 20 patients with AR caused by cat allergen.'>* The results indicated that
administration of this NP sharply attenuated the symptoms of AR. These animal and clinical trails confirmed the positive
effect of full-length allergens loaded by VLPs. However, full-length allergens may lead to anaphylaxis in sensitized
individuals because they may cause IgE cross-linking on effector cells. In light of this, T or B cell epitopes were explored
as an alternative to full-length allergens. The first probative epitope was pl protein, a protein derived from the yeast
retrotransposon Ty, has been fused with T cell epitope of the major fumigatus allergen Asp f 2 (aa60-71, aa235-249) to
prepare Ty-based VLP-Asp f 2 (Ty-Asp f 2).'*’ After stimulating mice with Ty-Asp f 2, dropped T cell responses and
specific serum IgE level have been measured. However, the effect of this NP on T cell responses was not enduring and
can be rescued by subsequent allergen contacting. Another attempt targeting T cell epitopes was cucumber mosaic virus
(CuMV). CuMV carrying T cell epitope of Fel d 1 (tt830-843) can induce neutralizing antibodies against Fel d 1 and
prevent allergies in mice.'”> As for B cell epitopes, there also exist corresponding strategies. For instance, VP3 capsid
protein obtained from adeno-associated virus 2 (AAV-2) was genetically conjugated with B cell epitope of OVA,
generating chimeric VLP packing 60 copies of VP3-OVA (Figure 5b).'*® Although the absorbability of AAV-2-OVA
by mouse immune cells is impeded by OVA peptide insertion, administration of AAV-2-OVA results in a reduction in
specific IgE level, contributing to the prevention of OVA challenge. In summary, the main strength of allergen-specific
approaches is their accurate targeting of the aberrant immune responses induced by the allergens without affecting
uncorrelated immune responses. The major disadvantage of this method is that full-length allergens may lead to
anaphylaxis in sensitized individuals because they may cause IgE cross-linking on effector cells, which can be largely
omitted by applying strict T cell or B cell epitopes of culprit allergens.

The third method exploiting VLPs is to pack them with effector cytokines inducing allergic immune responses and
their corresponding receptors. These cytokines mainly include IL-4, IL-5, IL-13, 11-25 and IL-33."%°716%16* Although
administration of these cytokines is not curative, their ability to improve the quality of allergic patients with AR has been
validated by numerous clinical trials with severe symptom. Relative pre-clinical trials have been exclusively performed
to evaluate their effects on AIT, and previous reviews have reviewed this content in detail.!®* Therefore, we have not
reviewed this here.

Two points of VLPs based AIT need special attention. On the one hand, translation of VLP-based AIT into human
need massive clinical trials. On the other hand, batch production of VLP carrier is challenging in terms of yield, stability,
or reproducibility. However, we believe that VLPs carrying CpG or allergens can meet the demand of modulating the
immune responses in AR.

Non-Biodegradable Polymers

Non-biodegradable NPs are composed of various materials, including gold, silica, and polymers, etc. These NPs possess
both physical and structural properties that can be modified according to the requirements,'®> making them be interesting
adjuvants for AIT. Up to now, polymers, carbon-based, silica-based NPs and metal-based NPs are the most studied non-
biodegradable NPs for AIT, which can resist the allergic responses.

Polymer NPs

Dendrimers are branched polymeric NPs with numerous customizable end groups. Dendrimers have been applied for
loading both allergens and immunostimulants (such as CpG, LPS, etc.).'®*'°® The allergens encapsulated are released
over several weeks, retaining their immunoreactivity and integrity.''” A pre-clinical study administrated mice with OVA
pDNA loaded in poly (ethyleneimine) based NPs and found balanced Th1/Th2 responses and reduced nasal symptoms of
rhinitis. The synthetic water-soluble polymer poly (ethylene glycol) (PEG) is an aliphatic polyether, which is the most
extensively studied dendrimer in AIT.'® Acid-labile PEG macromonomers have been exploited for controlled delivery of
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hydrophobic agents, which can break down at pH 5 and release the cargo inside.'’® According to an in vitro assay,
encapsulating allergens into these NPs can cause targeted administration, and therefore lead to T cells proliferation and to
allergen shielding from being identified by IgE. In summary, employing polymer NPs as deliveries can separate the
encapsulated cargo from the degrading biological environment and reduce IgE in AR.

Carbon-Based NPs

Carbon nanotubes are also widely explored NPs for drug delivery.'”"!”? Carbon-based NPs exhibit multi-immune
modulatory effects, enhancing or inhibiting immune responses and acting as adjuvants.'”® C60 fullerene is a carbon
allotrope containing 60 atoms linked by single and double bonds. Previous studies have revealed that C60 fullerene can
prevent the release of IgE from mast cells and basophil degranulation and subsequently inhibit anaphylaxis.'”* Besides,
administration of C60 fullerene to OVA-sensitized mice resulted in a switch from Th2 to Th1 responses, and a reduction
in airway inflammation.'”>'7® It is also vital to indicate that carbon-based NPs can cause negative or even toxic effects
and enhanced allergic inflammation, which has been verified in a mouse model of asthma.'”* Taken together, carbon-
based NPs may be a double-edged sword for AR, and the most important thing is to choose the best collocation scheme.

Silica-Based NPs

Silicon dioxide is a common nano-material for drug delivery, which has the characteristics of low cost, easy synthesis and
simple surface modification.'”” Compared with other nanoparticles, silica NPs have stronger drug loading capacity and
lung biocompatibility.'”® Mesoporous silica nanoparticles were considered as potential nanocarriers for nasal and
pulmonary drug delivery.'”®!” Shen et al developed a diselenide-bridged mesoporous silica nanostabilizer that speci-
fically targeted mast cells by recognizing IgE aptamers.'®® Moreover, the non-covalent physical interaction between
allergen birch pollen and silica nanoparticles promotes lysosomes to process allergens, increases antigen presentation and
reduces IgE antibody level, and finally promotes Thl reaction.'®! However, the clinical transformation of silica nano-
materials is still slow, and the safety of materials must be evaluated. The organ toxicity, genetic toxicity and immuno-

toxicity caused by long-term exposure to silica nanomaterials need further verification.'®?

Metal-Based NPs

Gold NPs, dextran-coated magnetic NPs and nanodecoys are main types of metal-based NPs used for AIT. Previous
studies have revealed that gold NPs can reduce the incidence of nasal symptoms, minimize IgE, IL-4, and IL-17a
production, and enhance IL-10 generation. In other words, gold NPs can improve the state of AR by inducing Thl
response and inhibiting IgE production.'®*'®> However, as with the above non-biodegradable materials, the fate of
metal-base NPs in vivo causes safety concerns because they may result in undesired adverse effects.

In summary, non-biodegradable NPs are attractive adjuvants for AIT, which can enhance Thl response and improve
the allergic responses. However, two major disadvantages need to be noted. First, these non-biodegradable NPs can
remain in the body and cause undesired effects over time because they possess immunomodulatory activity themselves.
Second, these NPs may form protein corona (PC), a more stable thermo-dynamic states of NPs. The composition of PC
(abundance and types of proteins) and the conformation at the NP surface can affect the bio-distribution, cellular uptake,
and intracellular localization of NPs. Also, PC is responsible for a variety of immune reactions, such as complement
activation, which may attenuate the function of NPs. Therefore, to precisely predict the biological response to non-
biodegradable NPs, a deeper understanding of the PC is required. In conclusion, the fate of non-biodegradable NPs
requires to be thoroughly explored in vivo, especially in terms of their degradation and PC.

Conclusion

AIT is the only etiological treatment option for AR. Although the possible disadvantages of various AIT emerge over
time, new options are under research to address the limitations. NPs possess the potential to be an outstanding choice as
both immunomodulators and delivery systems for AIT due to their advantages mentioned above. Although NPs-based
AIT has not yet been marketed, related clinical trials have confirmed their safety and efficacy. However, before
employing NPs-based AIT in market, several problems should be addressed. First, the type, processing mode and chiral
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structure of NPs will affect its immunogenicity,'5¢'*3

which requires studying the mechanism of NPs affecting immune
response, establishing evaluation criteria and making reasonable modifications. The drug loading of NPs is also worth
considering, because it may be internalized by nonspecific cells during the delivery of NPs, resulting in the failure to
reach the effective drug concentration.'®® Second, the toxicity of NPs cannot be ignored from laboratory studies to
translational clinical trials, including organ toxicity, immunotoxicity, genotoxicity, etc., which needs to be observed from
the perspective of in vivo degradation rate of NPs, dose and route of administration, and so on. Acute or short-term
animal experimental data cannot confirm the safety. Third, despite animal trails have confirmed the superiority of NPs-
based AIT compared with conventional AIT and clinical trials have showed excellent performance of biodegradable NPs-
based AIT, especially liposomes and VLP. However, the controls used in clinical studies are placebo instead of traditional
AIT, and differences between animal models and humans and their responses to treatments are critical, indicating the
need for comparative human trials of NPs- and non-NPs based AIT. Fourth, although the features of NPs make them
easily been mass-produced, the cost of transferring nanotechnology advances to clinical practice is still an economic
problem because the costs for both drug development and marketing can be too expensive for pharmaceutical industries.
Fifth, there exist individual difference among patients, which may largely affect the efficiency of NPs-based AIT when
treating different individuals. Thus, how to choose the most proper NPs for AIT for different persons need to be clarified.
Finally, how to cleavage non-biodegradable NPs in vivo requires to be explored because they can cause unwanted side
effects if they stay in body for a long time. It is noted that, from this perspective, biodegradable NPs seem to be a better
option.

In conclusion, huge effort is necessary before applying NPs-based AIT in the treatment of AR. However, NPs,
especially biodegradable NPs, -based AIT may be a safe and efficient method for patients with AR.
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