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Nanoparticles in allergen immunotherapy
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Purpose of review

Allergen immunotherapy is the only recognized causal treatment for allergic disease that modulates the
immune system toward a tolerogenic or desensitized state. Allergens or their derivative preparations are
formulated with adjuvants of different origin and having diverse immunological functions, such as
prolonged tissue release and specific immunomodulatory properties. In the last 2 decades, thanks to
developments in the field of nanotechnology, more biosafe nanoscale materials have become available for
use as pharmaceutical adjuvants in medical research.

Recent findings

Nanomaterials possess unique and versatile properties which can be employed to develop drug carriers
with safer profiles, better stability in physiological conditions and immunomodulatory properties.
Nanoparticles can have an adjuvant effect per se or also when they are packed in structures whose
physical—chemical properties can be handled in a way that also influences its release dynamics. In
particular, it has been suggested that nanoparticle preparations can be put in complexes or loaded with
allergens or allergenic exiracts, opening the way fo innovative paradigms.

Summary

In this review, we analyze allergen/nanoparticle properties in terms of cytotoxicity, stability and
immunogenic reaction in in-vitro and animal systems.
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Allergen immunotherapy (AIT) is currently the only
causative treatment for allergic diseases in humans.
Since 1911, when Noon published the first human
trial [1], AIT has consisted of several repeated sub-
cutaneous or sublingual administrations of increas-
ing doses of the culprit allergenic source, with the
final effect of inducing peripheral tolerance toward
these allergens and, more importantly, inducing
protective allergen-specific IgG antibodies. Despite
the very encouraging advantages of AIT, there
remain some major issues to resolve, particularly
in reference to standardization, limited efficacy,
potential side effects, low patient adherence, high
costs and long duration (3-S5 years) [2"]. To address
these pitfalls, several novel formulations have been
suggested, such as the use of highly purified recom-
binant allergens or hypoallergenic derivatives, and/
or coupling to immunostimulatory substances and
adjuvants to reduce allergenicity and modulate
immune response [2"]. In particular, adjuvants are
constituents of vaccines which induce stronger,
quicker and longer lasting immune responses, but
they also modulate immune response toward an
antiallergic response [3"].
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Recently, the use of nanoparticles (defined as
particles of matter between 1 and 100 nm in diame-
ter) in AIT has been suggested by several groups as
nanomedicine shows great potential in pharmaceu-
tical development. In particular, nanoparticles have
a defined size, are easy to produce, can be function-
alized, and possess targeting ability, making these
molecules capable of being tailored and, thus,
potentially more efficacious for novel AIT vaccines.
Particulate materials may possess different proper-
ties, being biocompatible but also biodegradable, or
nonbiodegradable, and what happens to them
inside organisms is still a matter of discussion.
Nanomedicines share physicochemical characteris-
tics with pathogens, having dimensions which are a
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KEY POINTS

e The physicochemical properties of nanomaterials and
immune response.

o Nanomaterials containing or exposing allergenic
molecules are capable of immunomodulation.

e Nanomaterials are capable of enhancing innate and
adaptive immune response for both prophylactic and
therapeutic allergen immune-therapy.

fraction of the cell diameter, significant liquid-solid

interfaces, and patterned surfaces that make them

capable of provoking strong immune responses [4].
Nanoparticles can act at different levels:

(1) Protection from enzymatic degradation: nano-
particles can protect an encapsulated antigen by
shielding the allergen from the proteolytic
enzymes in the body. This can be particularly
relevant for oral immunotherapy where vaccine
formulations have to tackle the conditions of the
gastrointestinal tract. Furthermore, masking the
allergen-specific activation of effector cells such
as basophils and mast cells may also be a strategy
for making formulations hypoallergenic.

(2) Depot etfect: the depot effect is still considered
one of the most important mechanisms for
inducing immune tolerance. So far, it has been
recognized that the persistence and prolonged
release of an allergen can increase its exposure to
immune cells, leading to immunomodulation.

(3) Immunomodulation: the aim of AIT is to induce
allergen-specific immune tolerance; therefore,
the ability of nanoparticles to target antigen
presenting cells and transduce signals capable
of inducing tolerogenic responses are a powerful
further expansion of potential nanomaterial
platforms for curing allergic diseases (com-
plexed or in combination therapy).

In this review, we describe some of the nanopar-
ticle/allergen complexes tested in in-vitro and in-
vivo studies reporting immunological data aimed at
the formulation of antiallergic vaccines. Table 1
summaries all the nanoparticles/allergen formula-
tions described within the article.

Poly lactic-co-glycolic acid nanoparticles

Poly (lactic-co-glycolic acid) (PLGA) have been exten-
sively investigated because of their biocompatibility
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and biodegradability, and they have been approved
by both the US Food and Drug Administration (FDA)
and European Medicine Agency for use in vaccines,
drug delivery and tissue engineering. The advantage
of polymeric nanoparticles as drug delivery systems is
based on their unique properties that allow for con-
trolled drug release, increased blood circulation time,
and protection of the drug from biodegradation and
rapid clearance [5]. PLGA nanoparticles were synthe-
sized to load purified allergenic molecules, such as
the major birch allergen (Bet v 1) [6,7], the recombi-
nant profilin from Caryota mitis (tCmP) [8], the Che-
nopodium allergen rChe a 3 [9,10], showing that
different allergen formulations successfully modified
the ongoing Th2 response after a few shotsinvivo. The
use of PLGA as a vehicle for the intranasal adminis-
tration of OLE;g9_130 peptide (a major Ole e 1 T-cell
epitope) in a mouse model of sensitization was also
investigated, showing that pretreatment with the
OLE;09_130—PLGA complex was effective at prevent-
ing subsequent allergic sensitization to Ole e 1
[11,12]. PLGA particles were also tested in oral anti-
gen delivery with beta-lactoglobulin (BLG)-derived
peptides, demonstrating that PLGA nanoparticles
facilitated the capacity of BLG peptides to suppress
the allergic response to whole whey protein [13].
Moreover, coencapsulation of PLGA  with
CpG (unmethylated cytosine-phosphate-guanine)
nucleotides and one of the major house dust mite
(HDM) allergens (Der p 2) [14] or the Bee venom
phospholipase A2 [15] stimulated a potent antigen-
specific immune response with the induction of a
strong Th1 response.

Another class of polymers belonging to this
family of particles is the poly(g-glutamic acid) (y-
PGA), a high molecular weight polypeptide com-
posed of y-linked glutamic acid units and a-carbox-
ylate side chains. Monocyte-derived dendritic cells
from grass allergic patients, stimulated with a mix-
ture of y-PGA and Phleum pratense extract, aug-
mented allergen-specific IL-10 production and
the proliferation of autologous CD4+ memory
T cells [16].

New allergen-complexes with poly(p,L-lactide-
co-glycolide) have been used to entrap nOle e 1
allergen and then inject it intraperitoneally into
mice, eliciting high levels of specific IgG2a anti-
bodies and low levels of both total IgE and specific
IgG1 antibodies, demonstrating that this product
induced a Th1-like immune response [17].

Poly(anhydride) nanoparticles

Poly(anhydride) nanoparticles are biodegradable
materials with carboxylic acid as their main final
metabolite; they have fewer acidic groups and a

Volume 21 e Number 00 o Month 2021

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Nanoparticles in allergen immunotherapy Alessandra et al.

Table 1. Allergens nanocomplexes

Allergen source Components of the nanoparticle Type of complex References
Betula verrucosa PLGA +Bet v 1 Particle + purified allergen [7]
Caryota mitis PLGA + Caryota profilin Particle + purified allergen [8]
Chenopodium album PLGA +rChe a 3 allergen Particle + recombinant allergen [9]
Olea europaea PLGA +OLE99-130 Particle + allergenic derived peptide [11,12]
Cow’s milk PLGA + BLG-peptides Particle + peptides [13]
Dermatophagoides PLGA +Der p 2 +CpG Particle + purified allergen + TLR-9 agonist [14]
pteronyssinus
Bee venom PLGA +PLA2 + CpG Particle + purified allergen -+ TLR-9 agonist [15]
Grass v-PGA + Phleum pratense extract Particle + total extract [16]
O. europaea PLG and nOle e 1 Particle + purified allergen 7
Peanut Poly(anhydride) nanoparticles + roasted Particle + extract [23]
peanut extract
Grass Gantrez AN 119 + Lolium extract Particle + total extract [24]
Cashew nut Poly(anhydride) nanoparticles + cashew nut Particle + extract [25]
allergens (CNE-NP)
Peanut Mannosamine-modified Particle + extract [27]
nanoparticles + roasted peanut extract
Grass CBP+Phlp 5 Particle + purified allergen [29]
Cat CBP+Fel d 1 Particle + purified allergen [30]
D. farinae Chitosan + Der f 247_47 Particle + allergenic derived peptide [33]
Peanut Chitosan + Ara h 2 Particle + cDNA expressing Ara h 2 [34]
D. pteronyssinus Chitosan +Der p 1 Particle + cDNA expressing Der p 1 [35]
D. pteronyssinus Chitosan + Der p 1 + ubiquitin Particle + cDNA coexpressing Der p [36]
1 + ubiquitin
D. pteronyssinus Chitosan + Der p 2 Particle +- cDNA expressing Der p 2 [37]
P. judaica PHEA +Par j 1/Par j 2 Particle + engineered purified allergens [38]
P. judaica SIN +Par j 2 Particle + purified allergen [40]
Japanese cedar OML+Cry j 1 Particle + purified allergen [41]
Cockroach Liposome + Periplaneta americana extract Particle + total extract [44]
Cockroach Liposome + Per a 9 Particle + purified allergen [44]
Peanut Liposome + Ara h2 +CD33 Particle + purified allergen + CD33 [47]
Cat QB-VLP+Fel d 1 Particle + recombinant monomeric allergen [561]
Major mugwort VNP +Art v 1 Particles expressing surface-exposed or [53]
shielded allergens
Peanut Cu}:v\Vft-Aro R, CuMVtt-Ara h 1, CuMVit-Ara Particle + extract; particle +allergen [59"7]
2
HDM VLP +Der p 2 Particle + recombinant allergen [61™
HDM eBP +Der p 2 Particle + recombinant allergen [62™]
C. album Chimeric HBc VLPs (HBcAg fused with Che Particle + segment of hypoallergenic [63]
a 3-derived peptide) allergen-derived peptide
Peach Mannose dendrons + Prup3-T-cell peptides Mannose dendron structure + peptide [66]
(D1ManPrup3 and D4ManPrup3)
Olive Mannosylated dendrimers conjugated with Mannosylated dendrimers + peptide [67]
OE109_130 peptide from Ole e 1
HDM HMSNs -+ Der 2 Particle + recombinant allergen [70]

CuMVHt, cucumber mosaic virus including tetanus toxin epitopes; HBcAg, hepatitis B core antigen; HDM, house dust mite; HMSN, hollow mesoporous silica

nanoparticle; PHEA, poly(hydroxyethyl)aspartamide; PLA2, phospholipase A2; PLG, poly(p,-lactide-coglycolide); PLGA, poly lactic-co-glycolic acid; TIR, Toll-like

receptor; VLP, virus-ike particle; yv-PGA, poly(g-glutamic acid).
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lower acidity content than the PLGA system, and
show no mutagenicity or cytotoxicity [18]. Among
these, the copolymer of methyl vinyl ether and
maleic anhydride (commercialized as Gantrez® AN
119 from Ashland, Inc. USA) is a poly(anhydride) that
facilitates the efficient and easy preparation of nano-
particles under mild conditions, using a solvent dis-
placement method. Moreover, poly(anhydride)
nanoparticles have been recently identified as innate
immunity inducers, activating the complement sys-
tem [19] and Toll-like receptors [20]. Recently, the use
of poly(anhydride) nanoparticles based on Gantrez
AN have been proposed for AIT [21]. These nano-
particles have demonstrated their potential with
different allergens, including peanut proteins
[22,23], Lolium perenne [24] and cashew nut proteins
[25], due to their ability to induce protective
immune responses associated with increased Thl
and T-regulatory cell (Treg) profiles. In addition,
these nanoparticles possess bioadhesive properties
within the gut mucosa, a key factor for inducing
strong mucosal immune responses after oral admin-
istration [26].

Poly(methyl vinyl ether-co-maleic anhydride) is
a polyanhydride with great potential in biomedical
applications [19]. Roasted peanut extract was con-
jugated in a polymer formed by the covalent bind-
ing of mannosamine to the copolymer of methyl
vinyl ether and maleic anhydride. In an in-vivo
murine model of anaphylaxis, nanoparticle-treat-
ment was associated with both less serious anaphy-
laxis symptoms and higher survival rates than
control, confirming the protective effect of this
formulation against the challenge [23,27].

Polysaccharide polymers

Polysaccharides are easily-produced polymers derived
from natural sources. In this respect, poly(p-glucos-
amine) (known as chitosan) is a very abundant poly-
saccharide in nature derived from shrimp and other
crustacean shells. Chitosan is composed of randomly
distributed B-[1-4]-linked bp-glucosamine (deacety-
lated unit) and N-acetyl-p-glucosamine (acetylated
unit), and its usage has already been approved in
the United States and Europe in bandages and other
hemostatic agents for human use. Chitosan also pos-
sesses several advantageous properties, such as low
production costs, biocompatibility, biodegradability
and nontoxicity. A relevant feature of this class of
molecules was introduced by Weinberger et al. [28]
who showed that the coupling of carbohydrates to a
protein can mask B-cell epitopes, making the protein
‘hypoallergenic’. Carbohydrate-based particles cova-
lently coupled to the timothy grass pollen allergen Phl
p S (a major grass allergen) [29], rFel d 1 (a major cat
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allergen) [30-32] and a peptide of the Der f 2 allergen
(Der £ 247_¢7) [33] exhibited desirable adjuvant prop-
erties with reduced allergic inflammation features.

Chitosan particles coupled with a cDNA express-
ing a dominant peanut allergen (pCMVArah2) [34],
and chitosan nanoparticles containing plasmid
DNA encoding for two of the major HDM allergens,
pDer p 1 [35,36] and pDer p 2 [37], have been
proposed as a novel form of vaccination showing
immunomodulatory activities.

A copolymer based on poly(hydroxyethyl)aspar-
tamide, functionalized in the side chains with
butyryl and succinyl moieties, has been used to form
nanoaggregates with an engineered derivative of the
major Parietaria judaica allergens (Par j 1 and Par j 2)
to produce a polymeric nanoaggregate of the aller-
gens. The experimental data demonstrated that this
copolymer retained its biological activity, suggest-
ing its potential employment in a vaccine against
Parietaria allergy [38].

Liposomes

Liposomes are spherical vesicles composed of at least
one lipid bilayer capable of entrapping aqueous
solution inside themselves. They are highly biocom-
patible and biodegradable, and for this reason they
have been used in approaches with several allergenic
components. Allergens can be either attached to the
outer surface of the liposome or encapsulated within
the lumen of the lipid bilayer [39]. Several liposome/
allergenic complexes have been reported in the
literature, such as with P. judaica Par j 2 allergen
[40], Japanese cedar pollen [41], HDM [42], cats [43]
and cockroaches [44]. Furthermore, liposome-
entrapped vaccines made of a single major allergen
alone, or with a single refined major allergen linked
with Tregitopes (Treg epitopes), are effective at
reducing allergen-mediated respiratory tissue
inflammation and remodeling [45]. A clinical trial
performed with liposomes entrapped with the HDM
Der p 1 and Der p 2 allergens showed reduced
clinical and medication scores, reduced skin test
response and bronchial challenge in asthmatic
patients [46]. Furthermore, liposomal nanoparticles
bearing an allergen and a high-affinity glycan ligand
of the CD33 inhibitory receptor profoundly sup-
pressed IgE-mediated activation of mast cells, pre-
vented anaphylaxis in Tg mice with mast cells
expressing human CD33, and desensitized mice to
subsequent allergen challenge for several days [47].

Virus-like particles

Virus-like particles (VLPs) are derived from
viral capsid proteins made by the spontaneous
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self-assembly of recombinant viral coat/envelope
proteins in the absence of viral genetic material,
making them noninfectious agents. VLPs can adopt
the conformation of native viruses, and they have
been shown to be efficient for hepatitis B virus and
human papilloma virus human vaccines [48]. They
have been characterized as highly immunogenic
and able to promote potent neutralizing antibody
responses [49™].

The approach of inducing allergen-dependent
immunomodulation has been pursued by a few
research groups by means of the surface attachment
of full-length allergens or B-cell epitopes, as shown
for Der p 1 [50], Fel d 1 [51,52] and Art v 1 [53].
Despite the fact that this latter strategy could imply
the induction of an adverse IgE-mediated reaction,
allergen/VLP seems to show a reduced ability to
induce mast cell degranulation (Fel d 1 and Art
vl) [51,53]. Intranasal prophylactic vaccination
with shielded Art v 1/VLP prevented the develop-
ment of mugwort pollen-associated allergic
sensitization. The engineered VLP was nonanaphy-
lactogenic and non-IgE inducing but, when intra-
nasal administered, was able to induce tolerance
[53]. A different strategy was performed in in-vivo
studies using fragments (T and B-cell epitopes) of
allergens derived from the Der p 1 [54,55] and Aspf2
[56] allergens, demonstrating an allergen-specific
T-cell response.

Moloney murine leukemia virus (MoMLV)-
based VLPs were engineered to present immunodo-
minant T-cell epitopes in the context of HLA class 11
molecules and to express costimulatory elements
(CD80, CD86 or CDS8) [57]. MOMLV-VLPs, fused
with major mugwort pollen allergen Art v 1 epitope
(aa 25-36), could strongly activate Art v 1-specific T
cells in in-vitro assays. The elimination of costimu-
latory molecule expression trigged Art v 1-specific
T-cell anergy. The same particles expressing CDS8
stimulated the differentiation of allergen-specific
Tr1 cells secreting IL-10/IFN-y [S7].

An innovative approach for the treatment of cat
allergy is represented by the strategy of fusing a
Tetanus toxin-derived Th-cell epitope (aa 830-843)
to the cucumber mosaic virus protein coat [S8]. This
strategy was applied for the Fel d 1 [58], Ara h 1 and
Ara h 2 [59™] allergens.

Recently, using the SpyCatcher/SpyTag conju-
gation system [60], a VLP displaying multicopies of
the major HDM allergen Der p 2 was generated,
showing that the Der p 2/VLP was unable to trigger
the degranulation of RBL-SX38 cells loaded with
human specific IgE. Furthermore, in a mouse model
of prophylactic vaccination, the Der p 2/VLP pre-
vented development of HDM-induced allergic
inflammation characterized by IFN-y secretion
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and a massive induction of blocking IgG-antibodies
[61™].

Gomord et al. used a model of an enveloped
bioparticle that presents trimers of the Der p 2
allergen at its surface (BP-Der p 2) which have been
assembled in Nicotiana benthamiana. This hybrid
bioparticle was used to demonstrate the capacity
of plants to produce synthetic supramolecular aller-
gen bioparticles, and the immunomodulatory
potential of naturally-assembled synthetic allergen
bioparticles. This new expression platform was used
not only for the production of soluble natural-like
allergens, but also to develop an immunostimula-
tory allergen presentation system that triggers a
strong Thl/Treg-biased response with reduced
allergenicity [62"].

Sani et al. designed chimeric VLPs composed of
the hepatitis B core (HBc) antigen genetically fused
to Chenopodium album polcalcin (Che a 3). Results
from IgE reactivity and basophil activation tests
showed that chimeric HBc VLPs lack IgE-binding
capacity and basophil degranulation activity. Fur-
thermore, chimeric HBc VLPs produced a strong
polcalcin-specific Th1 cell response consisting pre-
dominantly of IgG2a [63"].

Glycodendrimers

The term ‘glycodendrimer’ describes a well defined
structure with a central and multifunctional core
unit and peripheral reactive groups that constitute
the bioactive saccharide binding sites [64]. Recent
studies have demonstrated that glycodendrimers
can enhance allergen uptake and presentation,
modulating the immunological response [65]. The
immunomodulatory effects of glycodendropeptides
were studied in complexes containing Pru p 3 T-cell
peptides in a mouse model of SLIT [66], showing a
significant decrease in the level of Pru p 3-specific
IgE and IgG1 and decreased proliferation of Pru p
3-specific CD4 splenocytes [66]. Furthermore, a
dendrimeric scaffold conjugated to the T-cell immu-
nodominant epitope of Ole e 1 (OLEjg9_130) Was
studied on peripheral blood mononuclear cell from
olive pollen-allergic patients, showing significant
induction of IL10" Treg proliferation, but not of
Th, lymphocytes [677].

Hollow mesoporous silica nanoparticles

Hollow mesoporous silica nanoparticles (HMSN5)
are inorganic nanocarriers for antigen delivery with
large surface areas, tunable pore sizes and well
defined surface properties [68]. They have been
approved by the FDA as a new biocompatible mate-
rial [69]. HMSNs were loaded with Der f 2, and the
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immunological characterization of the Der f 2/
HMSN complexes was evaluated in a mouse model
of allergic inflammation, showing that Der f 2-
HMSNSs could efficiently downregulate Th2 immune
response and prevent allergic inflammation at an
efficacy higher than Der f 2 adsorbed on Al(OH)3
[70].

Since the commercialization of the first liposomes
used for drug delivery, tremendous progress has
been made in understanding interactions between
nanomedicines and biological systems. The use of
nanotechnology-based formulation represents a
very promising new field with a continuous of novel
discoveries and description of features in the field of
nanomedicine. Nanovaccines have been widely
experimented as prophylaxis of important diseases
in bacterial, viral, cancers (primary and metastatic)
and parasitic infections [71-73]. The future chal-
lenge will be the increase of our knowledge about
the interaction of these formulations with the
immune systems and the postdrug delivery which
probably represent the most relevant challenge task
for the future of nanomedicine in AIT [74",75""].
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