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Abstract:

Allergic asthma is becoming increasingly prevalent in the developed world, and many common
allergens are capable of inducing allergic asthma responses, particularly in atopic individuals.
Unmethylated cytosine-phosphate-guanine oligonucleotide (CpG-ODN) therapy can shift the
immune response to mitigate these allergic responses. Therapeutic and prophylactic delivery of
soluble CpG-ODN in preclinical studies have shown promise in treating existing asthma and
preventing allergic responses upon subsequent allergen exposure, respectively. However, when
CpG-ODN is coupled with nanoparticles (NPs) or self-assembled into nanostructures, improved
efficacy of CpG-ODN treatment for several common allergens is observed in preclinical studies
and clinical trials. Here we discuss the role of CpG-ODN in treating allergic asthma and how NP-
based delivery can further enhance its therapeutic properties.

Keywords: nanoparticles, CoG-ODN, allergic asthma, Th1 cytokines, Th2 cytokines, therapeutic
treatment, prophylactic treatment

l. Introduction

Asthma is a respiratory disease that affects approximately 300 million individuals worldwide,
including over 26 million individuals in the United States [1, 2]. Allergic asthma is the most
common form of asthma, and is a result of otherwise harmless airborne environmental allergens,
or aeroallergens, triggering an excessive immune response [3, 4]. Although still a matter for
debate, itis generally considered that susceptibility to allergens, or atopy, is due to a combination
of genetic (e.g. polymorphisms in the IL-4-receptor a gene) and environmental (e.g. exposure to
allergens in early childhood) factors [5], the latter potentially explaining the rising incidences of
allergic asthma in the western world over the past half century [6]. The symptoms of asthma
include reversible airway obstruction, airway hyperresponsiveness (AHR), excess mucus
secretion and airway remodeling [7]. Treatments for asthma have traditionally consisted of
inhaled anti-inflammatories and bronchodilators [8]. These are often delivered together to
reduce both inflammation and to reverse airway obstruction [8]. Although such treatments are
effective for many asthma sufferers, an estimated 10% of cases are not properly managed [2, 7,
9]. In addition, current treatments for asthma primarily target the symptoms but not the cause
of the disease, thus ongoing medication is required for indefinite periods. To improve the efficacy
of treating allergic asthma, new therapies must be developed that target the cause of the disease
which, in atopic individuals, is the generation of unnecessary polarized immune responses to



particular allergens, with the ultimate aim being to deliver a safe therapy that provides effective
and sustained protection from allergic asthma that also encourages patient compliance.

It is well recognized that allergic asthma results from the production of IgE antibodies
with specificity for an inhaled allergen, along with the generation and recruitment of eosinophils
to the lung. Upon sufficient exposure to an allergen, an atopic individual will become sensitized
and mount a T helper 2 (Th2) response which, as explained in more detail later, will lead to the
production of allergen-specific IgE antibodies, which in turn will trigger mast cell activation. Upon
activation, mast cells produce inflammatory mediators such as histamine, leukotrienes and
cytokines, which, along with infiltrating eosinophils, initiate and/or perpetuate most of the
pathologies associated with the allergic response. Thus the aim of many treatments for allergic
asthma is to prevent or dampen the Th2 immune response and instead promote a Th1 response
that results in significantly reduced IgE levels and reduced eosinophilia.

Since the status of antigen presenting cells (APCs), usually dendritic cells (DCs) or alveolar
macrophages, at the time of encounter with the allergen is important with respect to the type of
immune response generated, the development of drug delivery systems to combat allergic
asthma have focused on targeting, directly or indirectly, the innate immune system of the lungs
[10]. When APCs encounter allergen in atopic individuals they will tend to promote Th2 immune
responses [11]. In contrast, when APCs encounter allergen in the presence of certain danger
signals, or pathogen-associated molecular patterns (PAMPs), then the induction of Th1l immune
responses is more likely. One such danger signal to have garnered the interest of researchers
focused on combatting allergic asthma is unmethylated cytosine-phosphate-guanine
oligonucleotide (CpG-ODN). Although CpG-ODN was implicated as a potential treatment for
asthma over 20 years ago, it has yet to reach widespread use [12]. One issue is that, in order to
have efficacy, CoG-ODN may often need to be delivered at high doses, which when in a soluble
form can result in undesired side-effects such as septic shock-like syndrome caused by an
increase in systemic cytokine levels [13]. Several studies have investigated improving the
effectiveness of CpG-ODN therapy by using nanoparticles (NPs), which for the purposes of this
review are defined as being > 10 nm and < 1 um in diameter. Incorporating or conjugating CpG-
ODN into or onto NPs (NP-CpG-ODN) engenders a number of potential advantages, which,
depending on the NP and the formulation parameters, may include: the protection of CpG-ODN
from premature degradation; increasing uptake into cells; prolonged retention at administration
sites; improved safety; and providing an opportunity for co-delivery of allergen/antigen and CpG-
ODN to the same APC [14-17]. These advantages can culminate in an overall enhanced
immunostimulatory potency of NP-CpG-ODN over soluble CpG-ODN. This review, along with
describing the rationale behind using CpG-ODN as a potential treatment for allergic asthma, also
provides an overview of in vivo studies involving various animal allergy models and clinical trials
that have demonstrated the benefits of NP-CpG-ODN in treating allergic asthma.

lI.  Immunostimulatory effects of soluble CpG-ODN in allergic asthma
CpG-ODN is a PAMP that binds to its intracellular cognate receptor, Toll-like receptor 9 (TLR-9),
which is expressed by all DCs in mice and by a subset of DCs in humans known as plasmacytoid
DCs [18]. Additionally, TLR-9 is also expressed by B cells and macrophages in both humans and
mice [19]. CpG-ODN can be delineated into separate classes based on functional and structural
properties. For humans, three major classes of CpG-ODN have been identified: A-class, B-class



and C-class. The details of these classes have been extensively reviewed elsewhere [20, 21]. In
the subsequent discussion in this review, we will be referring primarily to B-class CpG-ODN unless
otherwise specified. B-class CpG-ODN, by binding to TLR-9 in APCs, can trigger a signaling cascade
that results in cross-presentation of antigen and the production of Th1 cytokines, such as IL-12,
as well as the regulatory cytokine, IL-10 [10].

Allergens are presented by APCs, which include alveolar macrophages and DCs, to naive
T cells (Th0), which, in atopic individuals, differentiate into Th2 cells [22]. Th2 cells are CD4+ T
cells that, upon interaction with an APC presenting allergen, produce a suite of cytokines that
promote IgE production by B cells. In the presence of an appropriate adjuvant, such as CpG-ODN,
APCs instead trigger Thl-mediated responses. The release of Thl cytokines inhibits Th2 cytokine
release and therefore abrogates Th2-mediated allergic responses (Figure 1) [23]. Regulatory T
cells (Tregs), which are being increasingly recognized as vital players in either suppressing or
perpetuating allergic diseases are also affected by CpG-ODN in a complicated dynamic that is yet
to be thoroughly understood [24]. Nevertheless, it has been reported that CpG-ODN can not only
stimulate Th1 responses but is capable of generating Tregs in both mice and humans and it has
been shown that this can coincide with reduction in symptoms associated with allergic asthma
[25, 26].

The roles of Thl and Th2 cytokines in allergic asthma, as well as the impact of CpG-ODN
treatment, have been investigated using knockout (KO) mice. Several studies using IL-KO mice
have confirmed the role of specific interleukins in allergic asthma. IL-4 or IL-5 KO C57BL/6 mice
sensitized to ovalbumin (OVA) and treated with aerosolized OVA had massively reduced IgE levels
or a loss of eosinophilia, respectively, when compared to wild-type mice. It was also observed
that AHR responses and other allergy-associated lung damage were abolished in IL-5, but not IL-
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Figure 1. Immunostimulation following allergen exposure in the presence and absence of
CpG-ODN treatment. Allergen alone (top) can trigger, in atopic individuals, a Th2-mediated
response resulting in the stimulation of IgE producing allergen-specific B cells and
eosinophilia (not shown). In the presence of CpG-ODN (bottom), allergen triggers a Thl-
mediated response which can reduce IgE production and eosinophilia (not shown). This
diagram is not drawn to scale and does not include all molecular interactions involved.
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4 KO mice [27, 28]. The findings from these C57BL/6 KO mice were found to differ from studies
in BALB/c mice, a more Th2-prone strain, where IL-5 was not deemed important for the induction
of AHR [29]. In human clinical trials, however, it has been found that treatment of patients prone
to severe eosinophilic asthma with anti-IL-5 antibodies, such as the humanized mepolizumab,
caused significant reductions in the risk of onset of asthmatic exacerbations [30]. In addition, a
humanized anti-IL-5 receptor antibody, benralizumab, has demonstrated encouraging results in
clinical trials and has demonstrated the capacity to cause long-term eradication of blood and
airway eosinophils [31]. Further studies, using IL-13 KO mice or IL-13 blocking studies in BALB/c
mice, highlighted the role of IL-13 in chronic AHR [32]. It was discovered that IL-13 could act in
parallel as well as crosstalk with IL-4 and IL-5 signaling pathways in order to induce allergic
responses [33-35]. These studies confirmed the importance and complexity of Th2 cytokine
involvement in the immune response to aeroallergens, but did not investigate the contextual role
of Th1 cytokines. KO models of the Th1 cytokines IL-12 and IFN-y, independently and in concert,
were used by Kline et al. to implicate Th2 cells as indirect targets of CpG-ODN [36]. The Thl
cytokine KO C57BL/6 mice were sensitized to Schistosoma mansoni eggs with Schistosoma
soluble egg antigen, and both eosinophil counts and serum levels of IL-4 and IL-5 were reduced
in the presence of soluble CpG-ODN [12, 36]. Thus, there is some evidence that CpG-ODN therapy
can suppress allergic responses independently of the major Th1 cytokines, however, the amounts
of CpG-ODN required to achieve comparable blocking of Th2 responses to that shown in wild-
type mice was found to be an order of magnitude greater [36]. Additionally, in a separate study,
CpG-ODN treatment of IFN-y KO BALB/c mice sensitized to ragweed was ineffective at reducing
eosinophils in the airways, which was in contrast to when wild-type mice were used [37]. These
findings suggest multiple mechanisms by which CpG-ODN can suppress Th2 responses where at
least one mode was independent of IFN-y and IL-12. Although not investigated by Kline et al.,
subsequent independent studies in different allergy models suggested a role for IL-10 in CpG-
ODN-mediated suppression of allergic Th2 responses [38]. Another potential mediator of CpG-
ODN-induced suppression is the more recently discovered and enigmatic cytokine, IL-22, which
can be upregulated in expression in DCs upon stimulation with CoG-ODN [39]. In separate studies,
IL-22 has been shown to both promote and abrogate symptoms of allergic asthma, and it has
been suggested that these apparently paradoxical roles may depend on the presence or absence
of IL-17, respectively [40]. A summary of the cytokines mentioned in this review, and their role
in allergic responses is shown in Table 1.

In vivo models for treating allergic asthma with CpG-ODN include therapeutic treatment,
in which CpG-ODN therapy is administered after animals have been sensitized to a particular
allergen. Conversely, prophylactic treatment occurs when CpG-ODN is administered prior to
allergen sensitization in animals. Co-delivery of CpG-ODN and the allergen is also conducted as a
type of prophylactic treatment. In each model, CoG-ODN and/or the allergen are delivered by a
variety of routes including intranasal instillation, subcutaneous, intravenous or intraperitoneal
injections.

Soluble CpG-ODN delivered to allergic or pre-allergic mice has been shown to reduce
hallmark responses of allergic asthma when compared with untreated mice. For example, the
effects of intranasally-delivered CpG-ODN to BALB/c mice three days prior to a sensitization
regime with cockroach allergen resulted in reductions in AHR, eosinophils in the lavage fluid, total
IgE, cockroach-specific IgE, IL-13 and IL-5, compared with mice pretreated with a non-



Table 1. List of cytokines referenced in this review article, the T cell lineage to which they belong,
and their role(s) in allergic responses [41, 42]. TSLP = thymic stromal lymphopoietin.

Cytokine T lineage Elicited Response
Inhibits IgE synthesis, inhibits Th2 induction, indirectly inhibits
IFN-y Thl eosinophil recruitment to the lung, stimulates IL-12 production
by APCs
B-cell isotype switch to IgE production, activates eosinophils and
IL-4 Th2 g . .
basophils, increases mucus production and secretion
Recruits and activates eosinophils, stimulates basophil
IL-5 Th2 . ... . .
differentiation, maturation, and activation
IL-6 Th1/Th2  Growth factor for T-cells and B-cells, co-factor for IgE synthesis
Suppresses both Th1 and Th2 function, activates eosinophils and
IL-10 Treg . . .
basophils, B-cell switch to I1gG4 expression
IL-12 Thl Inhibits IgE synthesis, promotes IFN-y production
Increases mucus production, B-cell switch to IgE production,
IL-13 Th2 . . .
recruits eosinophils, promotes AHR
TNF-a Thl May contribute to the pathogenesis of severe allergic asthma
IL-17 Th17 Pro-inflammatory/Increases severity of allergic asthma
IL-22 Thi7 Ambiguous role (can suppress and promote asthmatic
symptoms)
TSLP - Promotes Th2 allergic asthma responses/Th2 memory

immunostimulatory ODN. In addition, it was found that IFN-y levels increased whilst IL-10 levels

exhibited no change [43]. Similar results were obtained when mice were simultaneously treated
with cockroach allergen and CpG-ODN as well as when mice were given CpG-ODN immediately
after the allergen sensitization regime.

Cockroach and house dust mite (HDM) allergies affect up to 40% and 60% of American
individuals, respectively [44]. In addition, allergic rhinitis and asthma often co-exist in what is
known as combined allergic rhinitis and asthma syndrome (CARAS), thus emphasizing the
interrelationship between the lower and upper airways [45]. In a study involving a CARAS model,
BALB/c mice were sensitized to ovalbumin (OVA) intraperitoneally and subsequently challenged
with CpG-ODN and OVA intranasally which was followed by OVA aerosol exposure (lower airway)
in an attempt to establish that delivery of CpG-ODN to the upper airway could affect lower airway
inflammation [46]. It was found that upper airway treatment of CARAS mice with soluble CpG-



ODN significantly reduced the symptoms of allergic rhinitis, lower airway inflammation and AHR.
Intradermal administration of soluble CpG-ODN, on the other hand, was ineffective. The same
group subsequently investigated the mechanism by which CpG-ODN may have mediated its
effects in the CARAS mice and concluded that CpG-ODN may potentially suppress the activity of
thymic stromal lymphopoietin, an epithelial/fibroblastic derived protein that is known to
promote pulmonary Th2 responses to allergen [46, 47]. Allergies caused by Japanese cedar pollen
(JCP) affect approximately 10% of the Japanese population annually, and is therefore an
important model for consideration in allergic asthma treatment. In a prophylactic study, BALB/c
mice were treated intraperitoneally with CpG-ODN fourteen days prior to intranasal sensitization
with JCP [48]. Mice pretreated with CpG-ODN had significantly decreased IgE levels, decreased
pulmonary infiltration of eosinophils, as well as reduced secretion of IL-4, IL-5 and IL-17 in the
lungs compared to JCP-sensitized mice receiving no CpG-ODN pretreatment. Therefore,
prophylactic treatment with CpG-ODN is a promising approach to abating the inflammatory
consequences of JCP exposure in the Japanese population. Together, these studies suggest that
soluble CpG-ODN is a potentially beneficial agent in the treatment of allergic asthma, which begs
the question as to whether the efficacy of this PAMP can be further improved by nano-
particularization.

lll.  NP-CpG-ODN treatment of allergic asthma with and without

allergen
NPs can be delivered to the lungs through inhalation, thus having a direct effect on the lung
microenvironment. Whilst delivery of NPs to the lungs can hold many advantages over delivery
through other routes, there are often problematic issues that need to be overcome. Advantages
include the high absorption area of the lungs and the non-invasiveness of the delivery method.
Disadvantages include potential for NP agglomeration and low efficiency of delivery due to
exhalation or mucus- and cilia-assisted expulsion. Until recently NP delivery to the lung has
mostly been in the context of delivery of drugs such as insulin and antibiotics where one of the
priorities is that the NPs avoid being phagocytosed and therefore prolong the presence of the NP
for sustained drug release. This, for the most part, is in contrast to NP delivery for the purposes
of combatting allergic asthma, where the primary target is often phagocytic APCs such as DCs
and alveolar macrophages [49]. Although promising results have been obtained in the
aforementioned studies using soluble CpG-ODN, the advantages of utilizing NP-CpG-ODN instead
have been noted in preclinical allergic asthma models. NPs loaded or conjugated to CpG-ODN
offer a number of advantages over soluble CpG-ODN treatment including enhanced targeting,
potential for co-delivery applications (e.g. allergen plus adjuvant) to APCs, enhanced protection
and sufficient residence time, as well as reduction of local and systemic cytotoxicity [50].
Ultimately, the main advantages that NPs offer is their potential for generating
vaccines/treatments that are both safer and more effective than soluble formulations. For
example, in a prophylactic study involving NPs made from polypropylene sulfide, C57BL/6 mice
were pre-treated, intranasally (days 1, 3 and 5), with 2 pg soluble CpG-ODN or NP-CpG-ODN (30
nm diameter), sensitized to HDM (days 8, 10 and 12), and then challenged with HDM (days 22,
24 and 26), whilst in a therapeutic study by the same group, mice were sensitized with HDM (days
1, 3 and 5), treated with 2 pg instillations of soluble CpG-ODN or NP-CpG-ODN (days 15, 17 and



19) and then challenged with HDM (days 22, 24 and 26) [51]. In the prophylactic study NP-CpG-
ODN treated mice had reduced lung eosinophilia, lower levels of IL-4 and IL-5 in the lungs and
reduced mucus production compared to untreated mice and mice receiving soluble CpG-ODN. In
the therapeutic study, both soluble and NP-CpG-ODN were capable of reducing eosinophilia to a
similar extent, however, NP-CpG-ODN could significantly reduce IL-5, IL-13 and TGF-B1 in the
lungs compared to soluble CpG-ODN. This study also highlights the possibility that smaller doses
of CpG-ODN can be delivered when used in particle form, thus minimizing the potential for CpG-
ODN-induced toxicities. In order for soluble CpG-ODN to achieve similar abrogation of allergic
symptoms, it has been found in separate studies in mice that doses of 10 — 100 pg are required
[10, 52]. These doses of soluble CpG-ODN may increase neutrophil and macrophage counts in
murine airways after intratracheal exposure [53].

In the above study, pluronic-stabilized poly(propylene sulfide) NPs were synthesized, then
functionalized with pyridyl disulfide and then surface-conjugated to CpG-ODN [51, 54]. Part of
the rationale behind using these NPs was that, being ultra-small (30 nm), they could
independently drain to lymph nodes and therefore be taken up by resident lymph node DCs,
known to be potent APCs [55]. Another type of ultra-small NP-CpG-ODN-based allergy treatment
involves QbG10, a 30 nm non-replicating virus-like particle (VLP) derived from the bacteriophage
Qbeta, encapsulating G10, an A-type CpG-ODN. This type of CpG-ODN, unlike B-type CpG-ODN,
tends to promote IFN-a, rather than IL-12, secretion by plasmacytoid DCs, which in humans (but
not mice) results in dampening of Th2 responses [56]. The NP was formed by packaging G10 into
the VLP during self-assembly [57]. A recent parallel randomized human clinical trial was
performed with patients with mild to moderate persistent allergic asthma where 33 patients
were treated with 7 subcutaneous injections of 0.9 mg QbG10 and 30 patients received a placebo
[58]. The study concluded that QbG10 had a significant positive effect on asthma control with
improved patient-reported parameters as well as stable FEV; (forced expiratory volume) and
significantly reduced eosinophils in the blood. The mechanism by which QbG10 exerted its effects
was not investigated, however, the authors suggest that the observed improvements were likely
mediated by plasmacytoid DCs which readily take up QbG10 NPs and respond to TLR-9 agonists
by producing type 1 IFNs, which in turn dampen Th2 responses [56, 58].

Thus far, the discussed NP-CpG-ODN studies have been used as stand-alone (or allergen-
free) treatments. Many of the NP formulations have the potential to co-deliver an allergen with
CpG-ODN for the purpose of allergen-specificimmunotherapy. Most NPs are amenable to surface
attachment of CpG-ODN or allergen by chemical conjugation. In addition, NPs can be loaded with
CpG-0ODN, as described above for QbG10 and then subsequently surface modified with the
allergen. In the case of NPs made from the biodegradable polymer poly(lactic-co-glycolic) acid
(PLGA) both agents can be readily co-loaded (or encapsulated) or alternatively one agent can be
encapsulated whilst the other absorbed or chemically linked to the surface. Our group recently
manufactured 300 nm PLGA NPs loaded with CpG-ODN and surface adsorbed to the common
house dust mite (Dermatophagoides pteronyssinus) allergen, Derp2, for use as subcutaneous
vaccines in C3H/HeBFeJ mice that were subsequently sensitized to Derp2 [59]. Derp2 is known
to produce strong immunogenic responses [60]. The presence of CpG-ODN in the formulation
improved the Thl response and reduced perivascular cuffing as well as lowered the number of
pulmonary eosinophils compared to vaccines with NPs delivering Derp2 only [59].



There are a number of other NP-based formulations incorporating CpG-ODN that have
shown promise in in vitro and, in some cases, in vivo studies but are yet to be tested in in vivo
models for allergic asthma. Table 2 summarizes those CpG-NPs that have been used in allergic
asthma models (described above) as well as these promising but yet untested NPs. These include
self-assembled CpG-ODN-containing DNA nanostructures, gold NPs (AuNPs) and chitosan-coated
boron nitride nanospheres (BNNS). CpG-ODN polypodna are self-assembling nanostructures of
approximately 6 - 12 nm in diameter made comprising ODNs that include CpG-ODN motifs.
Another type of DNA nanostructure being investigated as an immunostimulatory adjuvant
includes self-assembled DNA tetrahedra appended with CpG-ODN motifs. Both these types of
nanostructures were shown to stimulate the expression of IL-6, TNF-a and/or IL-12 by the murine
macrophage cell line (RAW264.7) in vitro [61, 62]. More recently, it was shown that polypod-like
DNA nanostructures incorporating CpG-ODN could also stimulate IL-12 production in vivo to
levels 20-fold greater than soluble CpG-ODN upon intravenous administration to mice [63]. In a
separate study it was shown that self-assembled CpG-ODN-conjugated AuNPs (15 and 30 nm
diameters) could be taken up more efficiently by RAW264.7 cells as well as enhance the secretion
of IL-6, TNF-a and IL-10 [64]. Finally, chitosan-coated BNNSs surface-loaded with CpG-ODN were
shown to significantly enhance TNF-a and IL-6 secretion by human peripheral blood mononuclear
cells in vitro compared to soluble CpG-ODN [65]. Whether or not any of these novel CpG-ODN-
NPs have any potential as therapies for allergic asthma remains to be elucidated through
preclinical allergic asthma animal model studies and/or clinical trials. A summary of the
aforementioned studies performed with these various NP-CpG-ODN formulations is presented in
Table 2.

Table 2. Summary of NP-CpG-ODN formulations used in in vivo and in vitro experiments and
results of each study

Prophylactic and therapeutic | eosinophilia, IL-5, IL-

Poly(propylene sulfide) NPs 30 HDM model (mouse/in vivo) 4
surface conjugated to CpG- (versus soluble CpG-ODN) (prophylactic)
ODN [51] JIL-5, IL-13 and TGF-
B1
(therapeutic)
QbG10 (VLPs encapsulating 30 Human clinical trial J eosinophils in blood
A-type CpG-ODN) (versus placebo) [58] Stable FEV:
PLGA NPs co-loaded with 300 Specific antigen vaccination M Th1 responses
Derp2 and CpG-ODN in HDM model (mouse/in J Perivascular cuffing

vivo) (versus NPs without
CpG-ODN) [59]
CpG-ODN polypodna 6-12 Intravenous administration M IL-12 in plasma
(mice/in vivo)(versus soluble
CpG-0ODN) [63]



AuNPs conjugated to CpG- 15and  Uptake by, and stimulation N TNF-a, IL-6 and IL-

ODN 30 ofRAW264.7 cells (in 10 secretion
vitro)(versus soluble CpG-
ODN) [64]
Chitosan-coated BNNS 400 - 500 Stimulation of human N TNF-a and IL-6
surface loaded with CpG- PBMNCs(in vitro)(versus secretion
ODN soluble CpG-ODN) [65]

IV. Conclusion

CpG-ODN has been shown to abrogate Th2 responses and diminish the symptoms
associated with allergic asthma. The mechanisms by which it does so include promoting Thl
responses, upregulating IL-10 production and inhibiting thymic stromal lymphopoietin.
Formulating NP-CpG-ODNs appears to be a promising way forward in terms of long-term
abatement of this disease. Evidence thus far from the few preclinical animal experiments and
clinical studies performed demonstrate a superiority of NP-CpG-ODN over the soluble form in
terms of required delivery dose, abatement of allergic symptoms and their causes (such as Th2
cytokines and eosinophilia). While there are lessons to be learned from previous studies
investigating pulmonary NP drug delivery for other diseases (e.g. diabetes), this must be
tempered by the knowledge that NP-CpG-ODN therapy generally requires the physical
engagement and uptake by APCs. Thus rather than avoiding phagocytosis, NPs designed to target
APCs are instead required to be phagocytosed. Therefore, the size, mucoadhesive and
penetrating properties of the NPs are important for optimal pulmonary delivery. When co-
delivering allergen and CpG-ODN as a vaccine, NPs have the potential to promote allergen-
specific immunotherapy more efficiently than soluble combinations. It remains to be seen
whether allergen-specific or allergen-free CpG-ODN-NPs will be the preferable options in the
path toward allergic asthma therapy.

V.  Future Perspectives

Allergic asthma is a common problem in the developed world, and many of the common
aeroallergens are abundant in the environment and virtually impossible to avoid. Thus,
developing a treatment for these allergies is currently a critical need. Studies regarding
comparisons of NP aerodynamic and geometric size effects and mucoadhesive and penetrating
properties will be a boon to the field because these are the critical gaps in developing safe and
effective treatment for the disease. NP-CpG-ODNs offer an opportunity to replace current
conventional treatments, which only temporarily abate the asthmatic symptoms, by instead
providing an immune-based approach that provides long-term protection against allergic
asthma. Ideally, the development of a readily patient compliant formulation, which is delivered
by inhalation, can be stably stored, provides long-term relief and little or no side effects is a
desirable goal. To reach this goal further optimization of formulations and preclinical and clinical
studies need to be performed.



VI.

Executive Summary
Section I: Current conventional treatments for allergic asthma do not attack the cause of

the disease and offer only temporary abatement from symptoms. NP-CpG-ODNs provide the
potential for long-term abatement of allergic asthma by efficiently suppressing Th2 responses.

Section 2: Soluble CpG-ODN can suppress Th2-driven allergicimmune responses in animal

asthma models via a variety of not necessarily mutually exclusive mechanisms that include
promotion of Th1 cytokines and IL-10 by APCs and suppression of thymic stromal lymphopoietin.

Section 3: Delivery of CpG-ODN in NP form has demonstrated improved efficiency over

soluble CpG-ODN in suppressing the symptoms of allergic asthma as determined from preclinical
and clinical studies.
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