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Abstract

Allergy cases are increasing worldwide. Currently allergies are treated after their appearance in
patients. However, now there is effort to make a preventive vaccine against allergies. The
rationale is to target patient populations that are already sensitized to allergens but have yet to
develop severe forms of the allergic disease, or who are susceptible to allergy development but
have not yet developed them. Subcutaneous injections and the sublingual route have been used
as the primary mode of preventive vaccine delivery. However, injections are painful, especially
considering that they have to be given repeatedly to infants or young children. The sublingual
route is hard to use since infants can’t be trained to hold the vaccine under their tongue. In the
present study, we demonstrate a microneedle (MN)-based cutaneous preventive allergy treatment
against ovalbumin (Ova)-induced airway allergy in mice. Insertion of MNs coated with Ova as a
model allergen and CpG oligonucleotide as an adjuvant (MNs-CIT) into the skin significantly
induced Ova specific systemic immune response. This response was similar to that induced by
hypodermic-needle-based delivery of Ova wusing the clinically-approved subcutaneous
immunotherapy (SCIT) route. MNs-CIT upregulated Ova-specific Th2 cytokines (IL-4, IL-5 &
IL-13) and anti-inflammatory cytokines (IL-10) in the bronchoalveolar fluid, and IL-2 and IFN-y
cytokines in restimulated splenocyte cultures. Absence of mucus deposition inside the bronchiole
wall and low stiffness around the lung bronchioles after Ova-allergen challenge further
confirmed the protective role of MNs-CIT. Overall, MNs-CIT represents a novel minimally
invasive cutaneous immunotherapy to prevent the progression of Ova induced airway allergy in
mice.

Keywords: Airway allergy; Microneedles; Preventive allergy vaccine; Subcutaneous allergy

immunotherapy



1. Introduction

Appearance of airway allergies is a common public health issue and their prevalence is steadily
on the rise worldwide [1, 2]. Airway allergies are largely type 1 hypersensitivity reactions, and
they are characterized by elevated levels of systemic allergen-specific IgE antibodies and
hyperreactivity of the airway tract [3]. Medications such as anti-IgE therapy, and anti-histamines,
which can be administered orally or systemically via injections are available for short term relief
[4, 5]. However, allergen specific immunotherapy (ASI) is the only approach to treat allergies
permanently [6]. ASI is recommended for allergy patients who have allergen-specific IgE in their
serum [6, 7]. In conventional ASI involving subcutaneous allergy immunotherapy (SCIT),
multiple injections of increasing doses of a specific allergen are given to the patient until a
therapeutic level is reached. The treatment is time consuming because it spans many years, is
painful, and is linked to potential systemic reactions, or occasional anaphylaxis [8, 9].

The current form of SCIT is only initiated once a patient has developed allergies. Thus, to
halt the allergy pandemic, recently a true mode of vaccination in the form of
‘prophylaxis/preventive allergy treatment’ has come into light [10, 11]. Preventive vaccination
can begin in healthy individuals even with a negative skin prick test (i.e., have not yet developed
allergen-specific IgE antibodies), but who are genetically susceptible to allergy development.
This immunomodulation starts in early childhood to block allergy development in later phases of
life, and is thus termed as ‘primary prevention’ [11]. Few case studies have been reported on
primary preventive allergy immunomodulation. A dust mite allergy study showed the efficacy of
preventive immunomodulation in 111 infants who were less than a year old and received an oral
dose of the house dust mite (HDM) extract twice daily for 12 months [12]. As a result, although

the risk of allergy development to common allergens was reduced, but allergy development to



HDM was not blocked [12]. An important milestone-observation from this study was that the
exposure of infants to HDM who were yet not sensitized to the HDM allergen did not cause an
increase in  their HDM-specific or non-specific  allergies, suggesting that such
immunomodulatory treatments are potentially safe.

Another form of allergy prevention is ‘secondary prevention’, which has multiple
connotations: (i) to block disease development in already sensitized individuals, for example to
prevent development of asthma if the patient is already allergic to airway allergens but does not
yet have asthma, and, (i) to prevent development of a second sensitization if a patient is already
allergic to one allergen. For instance, allergic rhinoconjunctivitis is a risk factor for asthma
development, meaning patients with allergic rhinoconjunctivitis could develop asthma owver time.
It was recently shown that a three year long subcutaneous ASI in patients with allergic
rhinoconjunctivitis to grass and/or birch pollen reduced their risk of asthma development during
treatment and two years after discontinuation of treatment [13]. In another study over 800
children between the ages of 5-12 y and with grass-allergen-induced rhinoconjunctivitis but with
no signs of asthma were administered grass allergen immunotherapy tablets sublingually [14].
The objective was to test if this could reduce or prevent asthma development during the three
years of treatment and two years post-treatment. After immunotherapy a significantly fewer
number of children experienced asthma or used asthma medication, and this effect sustained for
two years after end of treatment [15]. The trial also demonstrated that allergic rhinoconjunctivitis
symptoms were also significantly reduced.

Allergy preventive studies have thus far used the conventional SCIT route, the oral route,
or the sublingual route, at preclinical and clinical levels [12, 14, 16-19]. However the problem of

holding the formulation under the tongue for few minutes by infants in sublingual



immunotherapy is a concern. For example, a pilot study for dust mite allergy prevention in
infants was terminated early without any major conclusions due to the inability to train infants to
hold the liquid formulation under the tongue for two minutes [20]. The SCIT shots are painful,
and the efficacy of the oral route is not as good as the SCIT route [21]. For these reasons, there is
a need to develop an efficient preventive immunotherapy treatment approach.

With this perspective, we demonstrate here a novel painless microneedle (MN)-based
cutaneous preventive immunotherapy against Ovalbumin (Ova)-induced airway allergy in mice,
and compare its efficacy with the conventional SCIT. MNs are micrometer-sized needles, which
can deliver the drug or antigen/allergen into the skin by rupturing the stratum corneum (topmost
layer of the skin) and they can activate the immune response effectively [15, 22]. They have been
widely explored in the development of infectious diseases vaccines [15, 22, 23]. For the very
first time, we demonstrate here their efficacy to deliver the allergen in to the skin for primary

protection against allergy progression in mice.

2. Materials and methods
2.1 MN fabrication, coating and characterization

MN arrays with 57 individual MNs (Fig. 1A) were fabricated from stainless steel (304)
sheets through a wet etch process [24]. MNs were manually bent to make them perpendicular to
the base. MNs were coated by using a micro-precision dip coating machine assembled in house
[22, 25]. The coating solution consisted of carboxymethyl cellulose (CMC) (1%, w/v) (low
viscosity, USP grade, CarboMer, San Diego, CA, USA) as a viscosity enhancer, Lutrol F-68 NF
(BASF, Mt. Olive, NJ, USA) as a surfactant, and ovaloumin (Ova) (50 mg/ml) (MP Biomedicals,

LLC, Ohio, USA) as a model allergen. To examine deposition of coatings on MNs, Ova was



coupled with amine reactive 1-Ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinamide (NHS) activated fluorescein dye (FITC, Thermo Scientific, Pierce
Biotechnology, Rockford, IL, USA). This FITC-conjugated Ova was coated on MNs and
stereomicrographs were obtained before and after insertion of the MNs into mouse skin using a
stereomicroscope (Olympus SZX16, Olympus America Inc.). The delivery efficiency of MNs
coated with FITC-conjugated Ova was determined as described previously using calibrated

fluorescent spectroscopy [22, 26].

2.2 Mice

Balb/c female mice, aged 6-8 weeks (Charles River laboratories, USA) were used in the
experiments. Mice were housed under climate controlled environment with a 12 h dark and 12h
light cycle. Wood shavings, paper and plastic pipes were used as housing enrichment materials in
air-ventilated polystyrene cages. Standard food and water were provided throughout the
experiments. The diet was confirmed to be egg-free to eliminate oral Ova exposure through the
diet. All animal experiments were performed under guidelines of the approved protocol by

Institutional Animal Care and Use Committee (IACUC) at Texas Tech University, USA.

2.3 Preventive immunotherapy schedule

Mice were vaccinated on days 0, 7 and 14. Mice were divided in to 6 groups with 5 mice in
each group and the different groups were treated as per Table 1: (i) MNs coated with the coating
solution but without Ova (MNSs), (i) MNs coated with the coating solution containing Ova
(MNs-Ova), (ii) MNs coated with the coating solution containing Ova and CpG (MNs-CIT), (iv)

Ova with alum injected subcutaneously (SCIT), (v) naive mice that received no treatment over



the period of the study, and (vi) mice that were not vaccinated but were challenged with Ova.
Phosphorothioated CpG-ODN 1826 (5-TCCATGACGTTCCTGACGTT-3) was custom
synthesized by Integrated DNA Technologies (Coralville, 1A).

To apply MNs, a previously described protocol was used [15]. Briefly, mice were first
anesthetized under an isoflurane and air mixture, and their back-skin was treated with an electric
hair-trimmer. A hair removing lotion was next applied on the trimmed area to fully remove the
hair. The treated skin was then gently washed in lukewarm water and dried by gently dabbing
with dry cotton. After that, allergen-coated MNs were inserted into the skin and manually held in
place for up to 3 minutes to allow the coated allergen to dissolve into the skin. After application,
mice were returned to the cage and observed until they were conscious and active again.

Table 1: Treatment groups and dose

Groups Vaccination Sensitization (25 | Challenge Comment
Mg (50 pg Ovain 50 i
Ova+2 mgalum via | PBSvia
IP route)) nasal route)
MNs Uncoated MNs | + + Negative confrol,
expected to induce
(without Ova) high inflammation
MNs+Ova Ovacoated MNs + + Test group to study
(25 pg Ova) eficacy of MNsto
deliver Ova into skin
MNs+Ovat+CpG Ova+CpG coated + + Test group 1o study
MNs effect of CpG as
(25 pg Ova+t25 pg adjuvant
CpG)
Ovatalum Ova (25 pg )+Alum | + + Positive control to
mimic clinically
(250 pg) approved
subcutaneous
allergy
immunotherapy
procedure
Naive - - - Negatve control
(without any

treatment)




Ova challenge - - + Negative control to
assess effect of
Ovachallenge
through infranasal
route

t+Sensitization: Two doses of 25 pg Ova+2mg alum through i.p route at weekly interval
tChallenge: 50 yg Ova through the nasal route given on three consecutive days

Five weeks post-vaccination, mice were sensitized through an intraperitoneal (i.p) injection
of 25 pug Ova mixed with 2 mg alum (Fisher Scientific International, USA) on d55 and d62. Ten
days later, sensitized mice were challenged with 50 ug Ova dissolved in 50 ul PBS per day, for
three consecutive days through the nasal route (Fig. 2A). The very next day after challenge, mice
were euthanized through an intraperitoneal (i.p) injection of 10 mg sodium pentobarbital. Blood,

lungs, spleen and bronchoalveolar fluid (BAL) fluid were collected for analysis.

2.4 Serum and BAL analysis

Enzyme linked immunosorbent assay (ELISA) was used to measure anti-Ova IgE and 1gG
subtypes in mouse serum as discussed earlier [22]. Goat anti mouse IgG, IgE, 1gG1, and IgG2a
antibodies labelled with horseradish peroxidase (Southern Biotech, Birmingham, Al, USA) were
used as detection antibodies in ELISA. BAL fluid was collected as described previously [27]. In
brief, the trachea region of a mouse was exposed by using a scissor, and then a 21-G catheter was
placed into the trachea. One milliliter syringe was fixed into the catheter and lungs were lavaged
a total of 10 times with 0.5 ml of Ca®* and Mg** free saline-EDTA solution. All the lavages were
centrifuged. The supernatant of first two lavages was frozen at -20°C and stored for analysis. The
cell pellets of all lavages were pooled for flow cytometric analysis (Attune NXT, Life
Technologies, USA) to determine cell phenotypes in the BAL fluid. Alexa flour 647 anti-mouse

Gr-1, FITC-CD11b (M1/70), APC anti-mouse/human CD45R/B220, APC/cy7 anti-mouse CD4,



APC/cy7 anti-mouse CD8, and FITC-cKit conjugated monoclonal antibodies purchased from
Biolegend (San Diego, CA) were used for cell staining. For staining of cells, they were first
incubated with anti-mouse CD16/32 (FcyR blocker) for 40 min at 4°C. After incubation, cells
were washed 3 times with 2 % fetal bovine serum (FBS) diluted in 1x PBS, followed by
incubation with specific monoclonal antibodies for 30 min. After incubation, cells were again
washed and kept in 2 % FBS in 1x PBS at 4°C until counting. Forward and side scatter gating
strategy was used for the analysis of single-color-positive cells.” In brief, while acquiring data,
forward and side scatter plots were created. Dead cells and other debris were excluded from the
count by gating the viable cells. Next, single-color-positive” cells were sub-gated in the live-cell
population on the basis of specific-color signal intensity.. Unstained cells were used as a control

in the analysis. All colors were compensated before counting the actual experimental samples.

2.5 Splenocyte culture

To assess the type of Th pathway activated during preventive immunotherapy, spleens were
harvested at the end of the experiment. Splenocytes were cultured in triplicate at a concentration
of one million cells per well of a 96 well plate for 72 h with culture medium alone, or with 200
m/ml Ova, or with 5pg/ml of Concanavalin A (Sigma Aldrich, USA) in DMEM (Gibco, USA)
supplemented with 5% heat-inactivated FBS and penicillin-streptomycin  antibiotics.
Supernatant of cultured cells were collected after 14 h for IL-2 quantification, and after 72 h for
quantification of IFN-vy, IL-4 and IL-13 cytokines through sandwich ELISA. Anti-mouse capture
and detection IL-2, IFN-y, IL-4, IL-13 antibodies and purified proteins were purchased from

eBioscience (Thermo Scientific, Waltham, MA).



2.6 Histological analysis

At the end of the experiment, mice were euthanized and lungs were harvested for histology.
Lungs were fixed in formalin solution (4% v/v) overnight followed by a 24 h incubation period
with ethanol solution (70% v/v). Tissues were sectioned by IDEXX Bioresearch (MO, USA) and
also stained for periodic acid-Schiff (PAS) to analyze mucus deposition inside the wall of
bronchioles and trichrome blue for collagen deposition around the bronchioles [28]. Bright field
images of stained tissues were then taken in our lab by use of a Nikon Eclipse Ti Microscope

(Tokyo, Japan).

2.7 Statistical analysis

Statistical analysis was performed by use of Graph pad Prism 6 software. Two-way ANOVA
tests were used for statistical calculations between the groups at different time points while one-
way ANOVA was used to compare significance between the groups at a given time point.

Significance was considered for p <0.05.

3. Results and discussion

An increasing incidence of allergies calls for a true form of ‘preventive vaccination’ to stop
allergy development in healthy individuals. Here, we explored MN-based cutaneous
immunization (MNs-CIT) for the development of a prophylactic vaccine to get protection against

development of Ova allergy in mice, and compared its efficacy to the existing SCIT.

3.1 Coated MNs successfully delivered Ova into mouse skin and induced allergen-specific

immune response comparable to SCIT



Ova as a model allergen was precisely coated on 2D MN arrays, with each array containing 57
MNs (Fig. 1A). This was done with the use of a precision automated dip coater [22, 25]. Coating
was uniform and consistent as confirmed by fluorescent micrographs of individual MNs of the
patch (Fig. 1B). Coated MNs were sharp, and penetrated into mouse skin. Fluorescent
micrographs of MNs before (Fig. 1C) and after insertion (Fig. 1D) show that the coating was
removed from the MN surface following skin insertion. Calibrated fluorescent spectroscopy
showed that 77% (£3.2) of coated Ova was delivered in to the skin, while 3.2% (x1) Ova was
found on the skin, and 19.7% (+4) Ova remained attached to MNs (Fig. 1E). This shows that
coated MNs can deliver the coating into the skin with reproducibility. The delivery efficiency
observed here is consistent with previous reports of the use of coated MNs for delivery into skin

[22, 25, 26, 29].

To confirm the ability of MNs to generate allergen specific immune responses, mice were
vaccinated with Ova at dO, 7 and 14, and bled at dO, 21 and 35 to determine Ova-specific 1g
responses. 1gG levels increased from d21 to d35. At d21, no considerable difference was
observed in IgG response between the SCIT and MNs-CIT (p=0.4079) groups. However, at d35,
anti-Ova IgG response in the MNs-CIT group was significantly higher than the SCIT group
(p=0.0042). As expected, MNs as a negative control group did not show any detectable anti-Ova
IgG response since this group did not receive any Ova (Fig. 1F). Unlike total 1gG, the anti-Ova
IgG1 response at d21 was lower in the MNs-CIT group as compared to the SCIT group
(p=0.0068); however at d35, the response in all vaccinated groups increased and no statistically
significant (p>0.05) difference was noticed between the different treatment groups (Fig. 1G).

Interestingly, anti-Ova 1gG2a observed was radically higher in the MNs-CIT group than the MNs



(p<0.0001), MNs-Ova (p<0.0001), and SCIT (p<0.0001) groups at both d21 & d35 (Fig. 1H). In
allergy immunotherapy, lgG2a response is important since it is considered as a blocking 1gG
subtype. 1gG2a can bind to the allergens and can thus inhibit their attachment to IgE antibodies
bound to Fc epsion Rl molecules on mast cells. This in turn prevents allergen-dependent
crosslinking of Fc epsilon RI (stimulatory receptors), and avoids mast cell degranulation and
state of anaphylaxis. It has also been shown that the IgG2a-allergen complex can enable
crosslinking of Fc epsilon RI (stimulatory receptor) and Fc gamma RIlb (inhibitory receptor) to
suppress IgE-dependent anaphylaxis [30-32]. Generation of lgG2a suggests activation of Thl-
type response by MNs-CIT, which is likely due to the presence of the adjuvant CpG [33]. CpG is
a known stimulator of the Thl cellular pathway and the regulatory response [34]. CpG acts as a
toll like receptor 9 agonist [35], and it has been shown in other studies that it can effectively
suppresses the atopic inflammatory response by suppressing Th2-type cytokines and allergen
specific IgE response in airway allergy [36, 37]. A low level of systemic IgE antibodies in the
MNs-CIT group indicates that this approach of vaccination does not induce Ova specific IgE
antibodies, and thus poses no risk of allergy-induction or exacerbation from vaccination. In
contrast, at d35 the anti-Ova IgE was considerably higher in the SCIT group in comparison to
MNs-CIT group (p<0.0001) (Fig. 11). This state of transient increase of specific IgE in serum
during SCIT has also been noted in previous reports [7-9, 38].

Fig. 1. MNs coating, delivery efficiency and Ova specific immune response. (A)
Digital photograph of a MN 2-D patch. (B) Fluorescent micrograph of a MN patch coated with
FITC-conjugated Ova. (C, D) Zoom-in fluorescent micrographs of a single MN of the 2-D patch
before and after insertion into the mouse skin. (E) In vivo delivery efficiency of Ova-coated MNs

after insertion into mouse skin. (F) Anti-Ova IgG response after vaccine administration. (G)



Anti-Ova 1gG1 response after vaccine administration. (H) Anti-Ova IgG2a response vaccine
administration. (I) Anti-Ova IgE response after vaccine administration. Mice were categorized as
MNs, MNs-Ova, MNs-CIT and SCIT groups (Table 1). They were immunized at dO, 7 and 14.

Sera were collected at d35 to measure anti-Ova response by ELISA. Individual mouse serum was

diluted to 120 and used in analysis. Error bars denote mean + SEM. *:. p<0.05;

***:n < 0.0005, and ****: p < 0.0001, ns; not significant.

-
@

B Delivered into skin
[JRemaining on skin surface

o =4 e | . "Sns
[ Remaining on MNs 2= 2= By
£ 2100 g5 NS
E< 50 8% 2 252
ZE 60 22 22,
T2 ¢ = =<
8§ o = <0
' N9 D & s\:\ 6'56
Mice number
H |
<
N=4 wE12
(L] g AAA I—"Llll EE
253 ﬂ" §5038
g-r 2 Q=
2 @ 1 §§0.4
% ®=00
OMNs O MNs-Ova HEMNs-CIT @Escit

Alum is often used as an adjuvant in SCIT allergen formulations [39], especially in

Europe. However, there are some concerns over alum-associated granuloma formation when it is



given in the subcutaneous region, and other side effects [40, 41]. Therefore, we selected CpG as
an adjuvant for MN coatings instead of alum. CpG has been used in clinical trials in more than a

thousand human subjects with a relatively benign toxicity profile [42, 43].

3.2 MNs-CIT prevents allergic sensitization of mice against Ova and the protective immune
response persists even after allergen challenge

To assess the preventive efficacy of MNs-CIT, vaccinated mice were sensitized to the
allergen (Ova) to cause allergy, and then challenged intranasally with a high dose of Ova to
simulate allergen exposure (Fig. 2A). In the sensitization phase two injections of Ova+alum
(25g Ova+2mg alum) were given through the intraperitoneal (i.p) route at weekly intervals. In
this phase, naive mice are expected to develop allergen specific IgE antibodies. Ten days later,
the sensitized mice received three consecutive doses of Ova intranasally to simulate allergen
exposure. In this step, sensitized mice are expected to manifest allergy symptoms. Sensitization
through the i.p route and exposure through the intranasal route is a standard protocol to induce
airway inflammation in naive mice [18, 44, 45]. Blood was collected after vaccination (AV),
after sensitization (AS), and after challenge (AC), to assess if anti-Ova IgG responses generated
by vaccination persist or not. At AV (d56), the anti-Ova antibody response was similar to that
observed at d35. While the anti-Ova 1gG response increased in all groups AS, there was no
noteworthy difference between the AV and AS groups except in the MNs group where the
antibody response increased AS (p<0.0001) (Fig. 2B). This is because sensitization involves
Ova+talum injections i.p., which not only induces IgE, but also generates IgG antibodies [18, 44].
Likewise, the anti-Ova IgGl response also increased slightly AS, although no significant

difference was seen between the different vaccinated groups except the MNs group for which, at



AS the anti-Ova IgGl increased considerably (p<0.0001) in comparison to AV (Fig. 2B).
Appearance of systemic allergen-specific IgE is an indication of the development of an allergic
response. In this context, it is noteworthy that anti-Ova IgE response did not significantly
increase in the MNs-CIT and SCIT groups AV, AS and AC, however, it was significantly
elevated in the MNs-Ova control group AS and AC indicating progression of allergic response.
Furthermore, AS and AC, the anti-Ova IgE was considerably lower in the MNs-CIT and SCIT
groups than the MNs-Ova group, demonstrating the protective efficacy of MNs-CIT and SCIT
treatment over the MNs-Ova control group (Fig. 2B). This suggests that Ova alone (without
CpG) coated on MNs is unable to suppress IgE development from the sensitization step.
Inclusion of CpG adjuvant with Ova in the MNs-CIT group led to the suppression of anti-Ova

IgE response (Fig. 2B).

A Immunotherapyschedule B Serum analysis
s -E T EkE =4 %
, : Te3 W 7 Tf M) r
Testing waccine efficacy g & =
— D =t Z g =
Vaccination  Sensitization{i.p.}] Challenge Eg 1 5 1
{lgE inducticn} (Intranasal Owa) — 0 E a
ok bbbl ¥ @ PO
Week® 1 2 3 4 5 6 7 & 9 10
[ & L] & & & 4

#® Blood collection

i £
L T AT
AV AS AC Lo v .
,
m]

AV- After vaccination i.p. Intraperitoneal 1
AS- After sensitization o
AC- After challenge ,?-;1 w ?‘r_.

lOomMNs  OmNsOw  EMNsCT  EsciT|

Fig. 2. Immunotherapeutic schedule and serum analysis. (A) Preventive
immunotherapy schedule. In brief mice were vaccinated on day 0, 7 and 14. After a rest period of
four weeks, mice were sensitized twice at a weekly interval. Ten days post sensitization, mice

were challenged consecutively for three days. (B) Anti-Ova 1gG, 1gG1, 1gG2a and IgE response



after vaccination (AV), after sensitization (AS) and after challenge (AC). Individual mouse
serum was diluted to 1500 for IgG, IgGl and 1gG2a analysis, and to 1:100 for IgE dilution.

Error bars denote mean + SEM. *: p < 0.05; ***: p < 0.0005, and ****: p < 0.0001.

Taken together, this data shows that if mice are vaccinated with Ova and CpG using
coated MNSs, then a subsequent attempt to cause allergy against Ova is unsuccessful as is evident
from poor IgE generation.

At the AC timepoint, anti-Ova 1gG, and 1gG1 were slightly increased in the MNs group,
however these responses were unchanged in the MNs-Ova, MNs-CIT and SCIT groups.
However, there was a significant increase observed in the anti-Ova 1gG2a response in the MNs-
Ova group (Fig. 2B). No considerable changes were observed in anti-Ova IgE response across all
treatment groups. Overall, Ova-allergen-specific immune responses persisted even after alum
induced sensitization and intranasal allergen exposure. Similar type of persistence of the
allergen-specific immune responses have been noted in other pre-clinical studies in mice [18,

44).

3.3 MNs-CIT effectively prevents the development of airway inflammation

To further substantiate the ability of MNs-CIT to prevent airway inflammation, all sensitized
mice were challenged with Ova-allergen by intranasal exposure on three consecutive days. After
such a challenge, if airway inflammation ensues, it is characterized by infiltration of effector
cells like neutrophils, macrophages or mast cells, and up regulation of pro-inflammatory
cytokines (IL-4, IL-5 & IL-13) in the lungs [46]. On the other hand, if the allergen challenge

does not cause an allergic reaction, it is characterized by down regulation of aforementioned



cells and cytokines, and up-regulation of anti-inflammatory cytokines such as IL-10 [18, 44]. In
our results, we observed that MNs-CIT suppressed the airway inflammation as revealed by BAL
flud analysis. In BAL fluid, the cell counts of neutrophils, macrophages and mast cells were
lower in the MNs-CIT group as compared to the control group of MNs (Fig. 3A). FACS analysis
revealed nearly 4 fold reduction in the percentage of neutrophil count (12 + 1.7% to 3.1 + 2.8%)
and 4 fold reduction in macrophage count (11.8 = 1.6% to 2.8 £ 2.5%) in the MNs-CIT group in
comparison to the MNs group. However, no considerable difference was observed between the
MNs-CIT and SCIT groups (Fig. 3A). Additionally, high percentage of mast cells were seen in
the MNs group suggesting an ongoing chronic inflammation. = The presence of B cells in BAL
flud of all groups might indicate activation of the local immune system after intranasal allergen
challenge. Infiltration of lymphocytes in the lungs can also be facilitated by vascular remodeling
or leaky vasculature that occurs during asthma pathogenesis [47, 48].

Suppression of pro-inflammatory cytokines, 1L-4, IL-5 and IL-13, and activation of anti-
inflammatory IL-10 cytokine in BAL fluid of MNs-CIT further confirms the preventive role of
MNs-CIT in allergy progression, unlike the MNs group (Fig. 3B). Up-regulation of IL-4
(p=0.0219) in MNs group as compared to MNs-CIT and SCIT groups also points to the
establishment of airway inflammation in the MNs group(Fig. 3B). This is because IL-4 is
predominantly secreted by T helper cell and it helps in proliferation of allergen reactive Th2 cells
[49]. Higher expression of IL-5 and IL-13 cytokines in the MNs group (p=0.0125) than the
MNs-CIT group also points towards activation of allergic responses in the MNs group but not
the MNs-CIT group (Fig. 3B). IL-5 type 2 cytokines also enhance recruitment, activation and
migration of eosinophils [50, 51]. Interestingly, expression of IL-10 was significant higher

(p=0.0155) in MNs-CIT group than the MNs group indicating the activation of T regulatory



cells (T reg) cells(Fig. 3B), which have been shown to assist in the suppression of allergen
specific proliferation of T cells [52]. MNs-CIT and SCIT groups did not significantly differ in

IL-10 expression(Fig. 3B).

Bronchoalveolar fluid analysis
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Fig. 3. Bronchoalveolar fluid analysis. Day after last allergen challenge, mice were euthanized
and BAL was harvested for analysis. (A) Percentage cell count of neutrophils, macrophages,
mast cells and B cells in BAL. (B) Quantity of pro-inflammatory cytokines IL-4, IL-5, and IL-
13, and anti-inflammatory cytokine IL-10 in BAL. (C) Anti-Ova IgG, IgGl, 1gG2a, and IgE
antibodies in BAL. Individual mouse BAL fluid was used for analysis. Error bars denote mean *

SEM. *: p < 0.05, ns: not significant.

To assess localized anti-allergen antibody response, anti-Ova antibody response was detected
in BAL fluid. There were no considerable differences observed in anti-Ova IgG, 1gG1 and IgE

responses between the different groups, however the anti-Ova lgG2a response was higher in the



MNs-CIT group as compared to the MNs group (p=0.0208) (Fig. 3C). This again can be
attributed to the presence of CpG in the MNs-CIT formulation. Appearance of 1gG2a in BAL
flud might also contribute towards protection in allergy progression; however, additional

experiments are needed to corroborate this hypothesis.

3.4 MNs-CIT mediated protection involves activation of Thl pathway

From previous studies, it is understood that immunomodulation during allergy treatment involves
activation of the Thl pathway through secretion of IL-2 and IFN-y cytokines that regulate
allergic airway inflammation and improve clinical symptoms of allergy [53, 54] . Therefore, to
check if the same type of Th pathway was involved in the ‘prophylactic/preventive’ regime of
allergy immunomodulation, at the end of allergen challenge, splenocytes were cultured and
stimulated with Ova protein. It was seen that in supernatants the expression of Thl cytokines
(IL-2 and IFN-y) was significantly higher (p>0.005) in the MNs-CIT group as compared to MNs
control group (Fig. 4), indicating the activation of the Thl pathway. IL-2 and IFN-y, which are
secreted by Thl cells, show inhibitory effects on Th2 cell differentiation and synthesis of

allergen reactive IgE [55, 56].
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Fig. 4. Splenocyte culture supermatant analysis. Spleens from mice were harvested at
the end of the experiment. Splenocytes were cultured in triplicate at 1x10° cells per well for 72h
with medium alone (negative control group) or 200 pg/ml ovalbumin or 5 pg/ml of concanavalin
A (positive control group). Supernatant of cultured splenocytes were collected after 14 h for IL-
2, and 72 h for IFN-y, IL-4 and IL-13 analysis. Error bars denote mean £ SEM. *: p < 0.05; **:

p < 0.005 and ***: p < 0.0005, ns: not significant.

In contrast, the expression of Th2 cytokines (IL-4 and IL-13) was higher in the control
MNSs group in comparison to vaccinated groups (Fig. 4) indicating allergy progression in the
MNs group. IL-4 and IL-13 cytokines activate the allergen reactive Th2 cells and recruit IgE
producing plasma cells, which further activate other effector cells such as basophils, eosinophils,
and mast cells to induce allergic inflammation [49]. No significant difference was observed

between MNs-CIT and SCIT groups in relation to I1L-4 and IL-13 secretion (Fig. 4).

3.5 MINs-CIT effectively suppressed localized inflammation in lungs

Histological analysis of lung tissues further revealed the protective role of MNs-CIT. Absence of
mucus on the inner surface of the bronchiole wall (Fig. 5) confirmed prevention of airway
allergy progression unlike the MNs and MNs-Ova groups where high deposition of mucus was
observed (Fig. 5). Mucus deposition is a condition known as hyper mucusplasia, which is a
potent marker for airway allergy pathogenesis [57]. Secretion of mucus in large volumes
contributes to airway obstruction, which results in difficulty in breathing and shortening of
breath [58]. Moreover, collagen deposition around the air bronchioles of MNs-CIT was no

greater than that observed in the naive mice, indicating normal flexibility of lung bronchioles for



breathing (Fig. 5). Overall, MNs-CIT vaccination successfully prevented development of airway

allergy in mice.
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Fig. 5. Histological analysis of lungs. At the end of Ova allergen challenge, lungs were
harvested, fixed, cleaned and cut for histology. Tissue sections were stained with either periodic
acid-Schiff (PAS) to stain for mucus deposition (top panel), or trichrome blue (TCB) to stain for
collagen deposition (bottom panel). Arrows in the top panel point to mucus deposition, and in the

bottom panel to collagen deposition.

Conclusion

To halt the allergy pandemic and to develop a preventive vaccine for healthy or allergy-
susceptible individuals, we demonstrated that MNs coated with Ova as a model allergen and
CpG as an adjuvant can deliver the vaccine into the skin in a minimally invasive manner. The
anti-allergy-vaccine successfully showed protection against Ova allergy development in mice,
and it was as effective as the conventional SCIT route, which is currently used for treatment of

airway allergies. While long term potency and safety concerns of MNs-CIT need to be addressed



in the future, this study lays the foundation to study MNs for the development of allergy

vaccines.
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