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Abstract
Background: Atopic diseases are an increasing problem that involve both immediate 
hypersensitivity reactions mediated by IgE and unique cellular inflammation. Many 
forms of specific immunotherapy involve the administration of allergen to suppress 
allergic immune responses but are focused on IgE-mediated reactions. In contrast, the 
effect of allergen-specific immunotherapy on allergic inflammation is complex, not 
entirely consistent and not well understood. We have previously demonstrated the 
ability of allergen administered in a nanoemulsion (NE) mucosal adjuvant to suppress 
IgE-mediated allergic responses and protect from allergen challenge in murine food 
allergy models. This activity was associated with decreases in allergen-specific IL-10 
and reductions in allergic cytokines and increases in regulatory T cells.
Objective: Here, we extend these studies to using 2 distinct models, the ovalbumin 
(OVA) and cockroach (CRA) models of allergic airway disease, which are based pre-
dominantly on allergic inflammation.
Methods: Acute or chronic allergic airway disease was induced in mice using ovalbu-
min and cockroach allergen models. Mice received three therapeutic immunizations 
with allergen in NE, and reactivity to airway challenge was determined.
Results: Therapeutic immunization with cockroach or OVA allergen in NE markedly 
reduced pathology after airway challenge. The 2 models demonstrated protection 
from allergen challenge-induced pathology that was associated with suppression of 
Th2-polarized immune responses in the lung. In addition, the reduction in ILC2 num-
bers in the lungs of allergic mice along with reduction in epithelial cell alarmins, IL-25 
and IL-33, suggests an overall change in the lung immune environment induced by the 
NE immunization protocol.
Conclusions and Clinical Relevance: These results demonstrate that suppression of 
allergic airway inflammation and bronchial hyper-reactivity can be achieved using 
allergen-specific immunotherapy without significant reductions in allergen-specific 
IgE and suggest that ILC2 cells may be critical targets for this activity.
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1  |  INTRODUC TION

Atopic disease has increased dramatically, in both incidence and se-
verity, creating an expanding, unmet medical need.1,2 An important 
consideration is that while the public focus has been on IgE-mediated 
immediate hypersensitivity reactions, there are actually two compo-
nents to atopic diseases. Along with immediate IgE reactions, cel-
lular immune responses of the Th2 phenotype cause significant and 
chronic inflammatory problems.3,4 Therefore, an important goal is to 
understand both the immediate IgE hypersensitivity reactions and 
the cellular inflammation that cause atopic diseases.

Approaches to treat allergic disease fall into two major catego-
ries: allergen-specific and non-specific approaches. The various forms 
of allergen-specific immunotherapy involve chronically administered 
allergen to a patient, either by injection or on the skin or mucosal 
surfaces, at progressively increasing doses. The focus of immuno-
therapy is predominantly to suppress allergen-specific immediate IgE 
reactions, which has been accomplished with varying degrees of suc-
cess.5–10 The mechanism by which this therapy blocks IgE reactions is 
not entirely defined, but likely involves multiple immune alterations 
and unique changes in different individuals. Among these alterations, 
immunotherapy has been associated with the development of “block-
ing antibodies” that bind antigen preventing IgE binding and allergic 
reactions.11 In addition, some approaches to immunotherapy can 
reduce IgE concentrations and/or allergen-specific Th2 cells after 
long-term administration.12,13 In most cases, however, it is felt that 
immunotherapy does not induce tolerance to the allergen as discon-
tinuation of chronic administration of the allergen results in rapid 
recurrence of allergic sensitivity.7,8,14 In addition, allergen immuno-
therapy has not been thought to be useful for treating atopic diseases 
related to cellular allergic inflammation. In particular, immunotherapy 
has not been effective for diseases such as eosinophilic esophagitis, 
food protein–induced enterocolitis syndrome or uniformly useful for 
asthma or atopic dermatitis, where cellular inflammation with eosino-
phils and other allergic inflammatory cells predominate.15–20

In contrast to allergen-specific immunotherapy, recent advances 
in biological drugs have yielded therapeutics that block cytokines 
or inactivate allergic inflammatory cells, and these approaches have 
provided new insights into the treatment of allergic disease. Anti-
cytokine therapy is not antigen-specific but has been shown to re-
duce inflammation in a variety of diseases associated with allergic 
inflammation, particularly atopic dermatitis, asthma, allergic rhinitis 
and polyps and eosinophilic esophagitis.17,21,22 The mechanism of 
action of these therapies involves blocking the cytokines produced 
by Th2 phenotype lymphocytes that promote the infiltration, prolif-
eration and activation of allergic inflammatory cells, predominantly 
eosinophils, in local tissue. In contrast to biologicals that target IgE 
directly, some of the anti-cytokine therapies can also cause long-
term reductions in IgE.23 Of interest, however, the reductions in IgE 
with these biologicals occur much slower than the improvement in 
inflammatory symptoms, and it is unclear whether anti-cytokine 
therapy acutely reduces immediate hypersensitivity reactions. Given 
these observations, there appears to be a dichotomy in the approach 

to treat the two mechanisms of atopic diseases and a fundamental 
lack of clarity on the relationship between immediate hypersensitiv-
ity reactions and chronic allergic inflammation.

We have recently examined a new approach to treating allergic 
disease.24 We have been able to protect animals from anaphylaxis 
in murine models of peanut and milk allergy.25,26 We accomplished 
this using specific allergen immunizations formulated in an adjuvant 
that redirects pre-existing Th2 immunity to a more balanced, Th1/
Th17 phenotype. This process altered the allergen-specific T cell re-
sponse by enhancing the production of Th1 cytokines, while also 
producing IL-10 and T regulatory cells.25 This immunization is able 
to block immediate hypersensitivity reactions to allergen despite 
allergen-specific IgE levels that would otherwise support anaphy-
laxis. Importantly, unlike traditional immunotherapy the inhibition of 
immediate hypersensitivity responses was maintained long after al-
lergen/adjuvant administration was stopped.26 This was associated 
with reductions in gut inflammation that suggested a direct effect on 
allergic inflammation not seen with other types of immunotherapy.

Given these observations, we sought to evaluate the effect of this 
allergen-specific immunization in a model of atopic disease based pre-
dominantly on Th2 cellular inflammation rather than immediate hyper-
sensitivity reactions (such as food anaphylaxis). Therefore, we examined 
the effect of allergen/adjuvant immunizations on allergic inflammation 
and clinical outcomes in two, well-defined allergic airway disease models.

2  |  MATERIAL S AND METHODS

2.1  |  Antigen and adjuvants

Endotoxin-free ovalbumin (OVA) was purchased from Lionex. The 
cockroach allergen (CRA) was clinical grade, and skin test CRA 
(HollisterStier) was purified by centrifugation using Amicon Ultra-15 
Centrifugal Filter Unit with Ultracel-3 membrane, 3000  MWCO, 
to obtain endotoxin-free CRA. Nanoemulsion adjuvant (NE) was 
produced by a high-speed emulsification of ultra-pure soya bean 
oil with cetylpyridinium chloride, Tween 80 and ethanol in water, 
with resultant NE droplets with average of 350–400  nm diame-
ter.27,28 Aluminium hydroxide (alum, alhydrogel) was purchased from 
InvivoGen. Incomplete Freund's Adjuvant (IFA) was purchased from 

Key Messages

•	 Therapeutic immunization with allergen and NE sup-
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models.

•	 Intranasal NE vaccines modulate allergen-specific cy-
tokine milieu to suppress Th2 cytokine production in 
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•	 NE vaccine–induced suppression of allergic airway dis-
ease is associated with reduced ILC2s and alarmins.



    |  1363BAKER et al.

Sigma-Aldrich. The absence of endotoxin in all reagents was con-
firmed using Limulus assay.

2.2  |  Ovalbumin allergic airway disease model

Specific pathogen-free BALB/c mice (females 4–5  weeks old) 
were purchased from Jackson Laboratory and immunized as per 

the schedule shown in Figure 1. For all immunizations, mice were 
anaesthetized under isoflurane anaesthesia using the IMPAC6 
precision vaporizer. Allergic sensitization was induced with intra-
peritoneal immunizations (i.p.) of 20  µg OVA adsorbed on 2  mg 
alum.29 Intranasal (i.n.) immunizations were administered as 12 µl 
(6 µl/nare) of a formulation containing 20 µg of OVA mixed with 
20% NE.25,26 OVA mixed with PBS, PBS alone, and 20% NE only (no 
allergen) served as controls for the study. Mice were challenged 

F I G U R E  1  NE immunization reduces lung histopathological changes after allergen challenge. (A) Schedule of sensitization, 
immunotherapy and allergen challenge. Mice were sacrificed 2 days after the last challenge to assess lung histopathology. (B) Representative 
images of PAS staining of lungs. Scoring of severity of (C) inflammation, (D-E) mucus and (F) eosinophil accumulation in lungs. Data are 
expressed as mean ± standard deviation (n = 8). Statistically significant differences (p < .05) are indicated by *
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intratracheally with 100  µg of OVA on three alternating days 
during week 16. Mice were sacrificed 2 days after the third chal-
lenge. All animal procedures were approved by the University 
of Michigan Institutional Animal Care and Use Committee (pro-
tocol numbers PRO00005743 and PRO00007671, approved on 
7/1/2014 and 6/19/2017, respectively).

2.3  |  Lung histology

At the time of sacrifice, lungs were perfused with 4% formaldehyde 
for fixation. After fixation, lungs were embedded in paraffin, sliced 
transversally into 5-µm thick sections and stained with haematoxy-
lin and eosin or periodic acid-Schiff (PAS) to detect cellular infiltration 
and mucus production. The lung sections were scored for inflamma-
tion using the following scoring system: 0, absent; 1, minimal; 2, slight; 
3, moderate; and 4, severe.30 A total number of airways were counted 
and scored as mucus-positive or mucus-negative to determine the 
percentage of airways producing mucus. Eosinophils were identified 
by morphometric analysis at 1000 × magnification. Individual eosino-
phils were counted from 100 high-powered fields (HPFs) per lung.

2.4  |  Analysis of cytokine expression

To assess allergen-specific recall responses, red blood cell–depleted 
splenocytes or lymphocytes isolated from cervical lymph nodes or 
lungs were cultured ex vivo ± OVA (20 µg/ml). After 72 h, cytokine 
secretion was measured in cell culture supernatants using Luminex 
Multiplex Detection System (Millipore). To quantify cytokines in 
lung tissue, lungs were isolated 1 d after the final OVA challenge and 
homogenized in 350 μl of T-PER tissue extraction buffer (Thermo 
Scientific), and frozen at −80℃. Samples were subjected to an ad-
ditional freeze/thaw cycle and then centrifuged at 10,000  g for 
5 min at 4℃ to remove debris. Cytokines in lung supernatants were 
analysed using a Luminex Multiplex Kit. ELISpot assays were run 
using kits from Mabtech according to manufacturer's instructions. 
Briefly, sterile 96-well multiscreen filter plates with PVDF mem-
brane (Millipore) were coated overnight with anti–IFN-γ, IL-5 or IL-
17 capture antibodies, blocked with 5% fetal bovine serum, and cells 
were added at 500,000 to 1,000,000 cells per well. Cells were cul-
tured ± OVA (20 µg/ml) for 40 h, and cytokine-secreting cells were 
detected by incubation with biotinylated antibodies to the respec-
tive cytokines followed by streptavidin-alkaline phosphatase. Spots 
were developed by the addition of BCIP/NBT substrate and counted 
using an AID ELISpot reader system.

2.5  |  Mouse chronic CRA allergic airway 
disease model

Mice were sensitized by i.p. and subcutaneous (s.c.) injection of 500 
protein nitrogen units (pnu) of CRA mixed 1:1 in IFA (Sigma-Aldrich). 

Next, mice were challenged intranasally with 150 pnu of CRA on 
days 14, 18 and 22 after initial CRA sensitization to localize the re-
sponse to the lung.31 Mice were immunized on days 28, 56 and 84 
with a formulation containing 20  µg of CRA mixed with 20% NE 
(12 µl/mouse; 6 µl /nare). CRA mixed with PBS and 20% NE only 
with no allergen were used as controls. Mice were challenged by in-
tratracheal injection with 500 pnu CRA on days 98 and 102. Mice 
were sacrificed, and samples were taken one day after the last al-
lergen challenge.

2.6  |  Quantitative RT-PCR

Lung tissue was homogenized, and RNA was extracted using 
TRIzol Reagent (Invitrogen). mRNA concentration was quantified 
by NanoDrop, followed by cDNA synthesis using a High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). Real-time 
quantitative PCR was performed using Power SYBR Green PCR 
Master Mix (Applied Biosystems). Gene expression was quantified 
by ΔΔCt analysis and normalized to GAPDH levels within individual 
samples.

2.7  |  Measurement of airway hyper-reactivity 
(AHR)

Airway hyper-reactivity was assessed using a mouse plethysmo-
graph specifically designed for low tidal volumes (Buxco Research 
Systems), as described previously.32 Briefly, mice were anaesthetized 
with sodium pentobarbital, intubated, and ventilated at a volume of 
200 μl with a frequency of 120 breaths/min. The plethysmograph 
was sealed, so changes in lung volume are represented by changed 
box pressure. Airway resistance was measured in by assessing tra-
cheal pressure and comparing to the corresponding box pressure 
changes. Baseline levels were determined, and mice were challenged 
via tail vein with 0.35 mg/kg of methacholine. The peak airway re-
sistance was recorded to quantify AHR.

2.8  |  Measurement of serum antibodies

Blood was collected at the end of the study, and sera were har-
vested by centrifugation. OVA- and CRA-specific IgG1, IgG2a 
and IgE antibodies were determined by ELISA in serially diluted 
serum, using OVA- and CRA-coated 96-well plates and alka-
line phosphatase–conjugated detection antibodies as described 
previously.27

2.9  |  Flow cytometry

The animals’ lungs were removed and digested with 1  mg/ml col-
lagenase A (Roche) and 20 U/ml DNase I (Sigma) in RPMI 1640 
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containing 10% FCS. Single-cell suspensions were achieved by dis-
persion through an 18-gauge needle and filtration through 100-μm 
cell strainer. Cells were resuspended in PBS and stained by flow 
cytometry. All antibodies used for flow cytometry were purchased 
from BioLegend unless otherwise noted. Fc receptors were blocked 
with purified anti-CD16/ 32, and surface markers were identified 
using antibodies against the following antigens: B220, CD3, CD4, 
CD11b, CD25, CD45, CD90, Gr-1, ST2 and Ter119. Cells were fixed, 
permeabilized and labelled for intracellular Foxp3 (eBioscience) 
and GATA3 (eBioscience). Cell types were defined as follows: Treg: 
CD4+CD25+Foxp3+; activated Th cells: CD4+CD69+; and ILC2: 
Lin-CD45+ CD90+ST2+GATA3+. For innate lymphoid cell staining, 
lineage markers were CD3, CD11b, B220, Gr-1 and TER119. Samples 
were acquired on a Novocyte Flow Cytometer (ACEA Biosciences). 
Data were analysed using FlowJo (Treestar).

2.10  |  Statistics

Statistical comparisons were assessed by the Mann–Whitney 
test using GraphPad Prism version 8 (GraphPad Software). The p 
value < .05 was considered as significant.

3  |  RESULTS

3.1  |  NE vaccines protect against airway 
inflammation in the OVA allergic airway disease 
model

As described previously, BALB/c mice were sensitized with OVA and 
alum to induce an allergic phenotype.33,34 Animals were then im-
munized 3 times with either NE adjuvant-OVA vaccines or allergen 
in PBS as a control to demonstrate that the effects were specific to 
the vaccine and not due to intranasal allergen exposure (Figure 1A). 
Additional controls included intranasal instillation of PBS or NE adju-
vant only without allergen. Following inhalation challenge with OVA, 
histopathological analyses of lung tissue were performed to char-
acterize the effect of the NE allergy vaccine. As shown in Figure 1, 
mice sensitized with OVA-alum had significant infiltration of inflam-
matory cells in the lungs after allergen challenge (p = .0061 vs. non-
sensitized group). This inflammation was greatly diminished in mice 
that received therapeutic OVA-NE vaccine, as documented by sig-
nificant decrease in cellular infiltrates (p = .0016). The inflammation 
in the lungs of the OVA-NE–immunized mice after antigen challenge 
was focal in nature and did not disrupt the pulmonary architecture. 
NE immunization also induced significant reductions in allergen-
induced mucus production (Figure 1D; p =  .0002). Sensitized mice 
had mucus in approximately 28% of their airways after OVA chal-
lenge as compared with 8% of the airways in mice receiving the NE 
immunizations. In the NE-treated mice, the airways that contained 
mucus had significantly less mucus and fewer mucus-producing 
cells, suggesting an inhibition of the goblet cell hyperplasia observed 

in OVA-sensitized mice who were not immunized with NE. These 
effects were specific to the OVA-NE vaccine, as sensitized mice that 
received PBS, OVA alone or NE alone all had similar increases in in-
flammation and mucus.

3.2  |  Intranasal immunization with NE adjuvant 
suppresses acute allergic Th2 cytokine production and 
IgE in the OVA model.

To examine the effect of NE adjuvant alterations in the cellular 
immune response to OVA, cytokine production was evaluated by 
Luminex (Figure 2A,B) and ELISpot (Figure 2C) to quantify, respec-
tively, both the amount of cytokine secreted and the number of 
cytokine-producing cells. OVA-alum sensitization produced a Th2-
polarized cellular response, with IL-5 and IL-13 production from 
lymphocytes isolated from the cLN and spleen, and IL-9 production 
in the lungs (Figure 2A,B). Intranasal instillation of OVA alone or 
NE alone had no effect, as cytokine secretion from these mice was 
the same as sensitized mice that received i.n. PBS. Lymphocytes 
isolated from cervical lymph nodes of mice that received subse-
quent OVA-NE immunizations produced significantly more Th1 
cytokines, including IFN-γ and IL-2, and significantly less Th2 cy-
tokines such as IL-5 and IL-13 (Figure  2B). Additionally, OVA-NE 
treatment significantly increased the production of both IL-17 and 
IL-10 (p = .0001 and .0047, respectively). Similar patterns were ob-
served in cultured splenocytes from these animals, with more dra-
matic reductions in IL-5 and IL-13 (Figure 2C). This indicated that 
the OVA-NE nasal immunizations altered both local and systemic 
immune responses.

ELISpot analysis of cytokine-producing cells revealed similar re-
sults. Upon ex vivo OVA stimulation with allergen, cells from OVA-
alum–sensitized mice produced predominantly IL-5 versus IFN-γ 
(Figure 2C). This changed in animals immunized with OVA-NE, where 
IFN-γ and IL-17 cells predominated (Figure  2C). In addition, there 
were no significant differences in the cellular profile between sensi-
tized mice that received OVA-NE immunization and non-sensitized 
mice that were immunized with OVA-NE alone (Figure 2C). This sug-
gested the OVA-NE immunizations could redirect the Th2 pheno-
type of the OVA T cell response that was induced by sensitization 
towards a Th1/Th17 response.

The OVA-specific humoral immune responses were also char-
acterized to determine whether the suppression of Th2 immunity 
and induction of Th1/Th17 altered OVA-specific IgE and IgG sub-
classes. Allergen-specific IgE was not detectable in the blood of 
non-sensitized animals. Titres of anti-OVA IgE increased dramati-
cally after alum immunization, to 10,4 and subsequent immunization 
with the OVA-NE vaccine decreased IgE significantly (p = .0139; 10-
fold, Figure 3A). However, OVA-specific IgE remained significantly 
elevated compared with non-sensitized controls. In addition, while 
IgG2a was significantly increased by the OVA-NE vaccine, IgG1 ti-
tres were not changed (Figure 3B,C). Similar to the data described 
above, i.n. instillation of the vaccine containing both NE and OVA 
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was required to modulate the immune response, as treatment with 
either component alone had no effect.

3.3  |  Nanoemulsion adjuvant vaccine reduces 
histopathology and disease parameters in chronic, 
CRA-induced allergic airway disease in mice.

To determine whether the therapeutic immunization with NE was 
effective at preventing airway inflammation in a second chronic 
model of allergic airway disease, we used the well-defined, mouse 
model of chronic cockroach allergen (CRA)–induced airway where 

airway remodelling is accompanied by intense peribronchial leuco-
cyte recruitment, mucus hypersecretion, development of airway 
hyper-reactivity (AHR) and significant peribronchial and airway 
thickening.31,35–37 The inflammation in this chronic model is driven 
purely by Th2-polarized immune response, as the allergen prepa-
ration contains no endotoxin and the immunization uses no innate 
cell adjuvant for sensitization. The experimental design used in this 
model is outlined in Figure 3A. Following the standard 22-day sensi-
tization period, the animals were treated intranasally with a CRA-NE 
vaccine every 4 weeks for a total of 3 administrations. For the CRA 
studies, control groups were administered CRA in PBS and NE only to 
demonstrate the observed effects were due to the CRA-NE vaccine 

F I G U R E  2  NE immunization suppresses Th2 immunity and induces Th1/Th17. Cellular recall immune responses to OVA protein were 
measured in lymphocytes harvested from the cLN, spleen and lungs following the experimental design shown in Figure 1. (A) Cytokine 
secretion in cLN, splenocyte and (B) lung lymphocyte cultures was determined by a Luminex multiplex assay. Cytokine production has been 
normalized to matched control unstimulated lymphocyte cultures from each individual animal and tissue. (C) Numbers of cytokine-producing 
cells in the cLN were determined by ELISpot. Data are expressed as mean ± standard deviation (n = 8). Statistically significant differences 
(p < .05) are indicated by *
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and not either of the individual components. Our data in the OVA 
model (Figure 1) and our previous work with peanut allergy models 
demonstrated no significant effect of administering small doses of 
allergen intranasally compared with instillation of PBS.25 Fourteen 
days after the final intranasal administration, the animals were CRA-
challenged twice by intratracheal administration. Examination of 
the histopathology of the lungs demonstrated a reduction in overall 
inflammation and mucus production in the airways of animals given 
NE-CRA vs animals who received CRA alone (Figure 4B). Eosinophilic 
infiltration was increased in sensitized mice following CRA challenge, 
while this was significantly suppressed in mice that were treated with 
the CRA-NE vaccine (Figure 4C). In addition, mRNA levels of muc5ac 
and gob5/clca3 were significantly reduced in the lungs of mice treated 
with the CRA-NE vaccine, indicating reduced mucus expression that 
correlated with less histopathology (Figure 4D). In addition, animals 
were also tested for changes in airway hyper-reactivity (AHR) using 
a methacholine challenge. Animals that received the NE-CRA had a 
significant decrease in AHR compared with those receiving CRA only 
(Figure 4E). Together, these data showed that inflammation, mucus 
hypersecretion and physiologic changes in the lung of mice markedly 
improved in NE-CRA–immunized animals.

3.4  |  Nanoemulsion adjuvant vaccine–induced 
reductions in pathology in CRA allergic airway disease 
model occur without significant modulation of the 
humoral immune response

Humoral immunity to the eliciting allergen was also characterized 
in the CRA model of allergic airway disease to determine whether 
similar effects were induced by the NE vaccine in this chronic 
model. Surprisingly, unlike in the OVA model, NE vaccination did 
not significantly alter the CRA-specific IgE, IgG1 or IgG2a in the 
chronic allergic airway disease model, where sensitized mice have 
high titres of all three antibody classes (Figure 5). Therefore, the 
reduction in inflammation and airway hyper-reactivity induced 
by can occur with minimal modulation of the humoral immune 
response.

3.5  |  Nanoemulsion adjuvant–induced reduction in 
IL-13 is associated with decreases in ILC2s in the lung

Because the protection conferred by the NE vaccines in the acute 
OVA model was associated with changes in Th2 cytokines, we hy-
pothesized that NE vaccines protected predominantly by altering 
the allergen-associated cellular inflammation. In the CRA model, 
allergen-specific production of Th2 cytokines was very high in the 
LN, with no significant differences in CRA-NE–immunized mice 
(Figure  S1). Given that these mice had significantly reduced in-
flammation following CRA challenge, cellular responses were next 
assessed in the lungs to determine whether local changes were as-
sociated with protection from challenge. IL-13 is a key Th2 cytokine 
linked to the severity of disease in allergic airway disease, and we 
found that it was significantly decreased in the lungs of mice that 
received the CRA-NE vaccine (Figure 6A). We also examined lym-
phocyte populations in the lung that have been associated with 
allergic responses to assess whether the CRA-NE vaccine alters 
their numbers. There was no difference in the total CD4 or total 
CD8 cell populations in the lungs of vaccine-treated versus CRA-
treated mice (data not shown), and there was no difference in Treg 
cells (CD4+, CD25+, Foxp3+) or activated Th1 cells (CD4+, CD69+) 
in the lungs (Figure  6B,C). In contrast, there were very significant 
decreases in ILC2 cells (Lin−, CD45+, CD90+, ST2+, GATA3+) in the 
lungs of the mice treated with the NE-adjuvanted CRA as compared 
with control-sensitized animals (Figure 6D). This suggests that in this 
chronic allergic airway disease model the lung ILC2 cells are a promi-
nent source of IL-13 and were significantly decreased by intranasal 
administration of NE-adjuvanted allergen.

3.6  |  Nanoemulsion adjuvant–immunized mice 
have reduced alarmins in the lungs following 
allergen challenge

The activation and proliferation of ILC2 cells depend upon 
alarmin cytokines, including IL-25 and IL-33.38–41 We hypoth-
esized that reduced lung ILC2s in NE-immunized mice may be 

F I G U R E  3  Modulation of OVA-specific 
humoral immune response in NE-treated 
mice. Serum was obtained from mice at 
the end of the study in the OVA model. 
OVA-specific (A) IgE, (B) IgG1 and (C) 
IgG2a antibodies were measured by 
ELISA. Statistically significant differences 
(p < .05) are indicated by *. n.d. indicates 
not detected
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due to changes in the production of these cytokines. Cytokine 
levels were quantified in lungs isolated following CRA challenge. 
Expression of both IL-25 and IL-33 was significantly reduced in 
the lungs of mice that received the CRA-NE vaccine prior to aller-
gen challenge (Figure 6E). We next wanted to determine whether 
alarmins were similarly suppressed in the OVA model to identify 

this as a common target of the NE vaccines in the two distinct 
models. Similar decreases in these alarmins were confirmed in the 
lung isolates from OVA-NE–immunized mice (Figure  S2). These 
data suggest that intranasal administration of NE-adjuvanted al-
lergen reduces lung ILC2 cells through suppression of the alarm-
ins IL-25 and IL-33.

F I G U R E  4  Nanoemulsion adjuvant vaccine reduces histopathology and disease-associated parameters in severe allergic airway disease 
in mice. (A) Schedule of sensitization, immunotherapy and allergen challenge. (B) Histopathology was examined in harvested lung tissue 24 h 
after the final allergen challenge. Representative images of PAS staining of lungs are shown. (C) Eosinophils were identified in the lungs by 
morphometric analysis. (D) Lung mRNA was isolated from individual mice and subjected to quantitative PCR to analyse the mucus-associated 
mRNA compared with age-matched naïve, non-allergic mice. (E) Animals were subjected to airway resistance measurements 24 h after the 
final allergen challenge using plethysmography. An IV Tail Vein injection of methacholine (250 µg/kg) was used to induce AHR. Data are 
expressed as mean ± standard deviation (n = 8). Statistically significant differences (p < .05) are indicated by *
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4  |  DISCUSSION

Allergic disease pathogenesis involves both allergen-specific IgE, 
which is responsible for immediate hypersensitivity reactions, and 
Th2-polarized cellular inflammation. Most therapeutic approaches 
to treat atopic diseases have been directed at either IgE or cellu-
lar immunity; however, the interactions between these components 
and their relative contributions to atopic diseases are not entirely 
clear. Here, we sought to evaluate the effects of allergen-specific 
immunotherapy using a NE adjuvant that biases immune responses 
towards a Th1 and Th17 phenotype while suppressing Th2-polarized 
immune responses and cellular inflammation in the tissue. We have 
previously reported that nasal immunization with allergen in NE 
results in markedly decreased reactivity in murine models of food 
allergy.24–26 Of interest, this occurred without an absolute elimina-
tion of allergen-specific IgE titres but was associated with reductions 
in allergen-specific production of IL-4, IL-5 and IL-13 and increased 
production of IL-2, IFN-γ, IL-10 and IL-17 in lymphocytes of treated 
animals.24–26 There was increased production of allergen-specific 
IgG, and therefore, blocking antibody could also have played a role 
in the reduced immediate reactivity. Therefore, we decided to ex-
amine the activity of this therapeutic immunization strategy in two 
models of allergic airway disease that are based predominantly on 
cell-mediated Th2 inflammation rather than IgE reactivity.

Our results in the current studies demonstrate that allergen-
specific immunotherapy could markedly reduce allergic inflammation 
in both the OVA (“acute”) and CRA (“chronic”) allergic airway disease 
models. The OVA model was used to develop the therapeutic NE 
immunization protocol and demonstrate reduction in inflammation. 
These findings were confirmed in the more biologically relevant CRA 
model, which employs cockroach allergen that is a common trigger 
of allergic airway disease in humans. The CRA model also induces 
a very robust Th2 cellular immune response and severe airway 
hyper-responsiveness. Therapeutic immunization with allergen for-
mulated in NE resulted in suppression of inflammation associated 
with allergen challenge. Consistent with our previous work in food 
allergy models, protection from reactivity to allergen challenge was 

associated with reduction in IL-5 and IL-13, and increases in IFN-γ, 
IL-2 and IL-10 production by lymphocytes from regional lymph nodes 
and the spleen in the OVA model and lungs of the CRA model. This 
appeared to be independent of IgE reactivity, as antibody titres 
were either minimally changed (OVA model) or totally unchanged 
(CRA model) after treatment. Of interest, ILC2 cells, thought to be a 
major source of allergic cytokines during chronic asthma responses 
in humans and animals, were markedly reduced after the immuni-
zations. This coincided with a reduction in epithelial-derived innate 
alarmin cytokines IL-25 and IL-33, which induce activation of ILC2s 
and maturation of Th2 cells. Together, these results indicate that NE 
adjuvant/allergen-specific immunotherapy is altering allergic inflam-
mation, specifically alarmin expression and ILC2 accumulation, as 
the major effect on the allergic phenotype in these animals, and not 
simply altering the dynamics of IgE/allergen interactions.

Other recent findings reinforce that changes in Th2 cytokines 
and their signalling are important in suppressing allergic inflamma-
tion. Dupilumab blocks IL-4 and IL-13  signalling through the com-
mon alpha chain of these receptors and has been shown to be 
widely effective in blocking allergic inflammation in atopic derma-
titis, asthma and nasal polyps.22,23,42,43 These are all diseases that 
are dependent on allergic inflammation rather than anaphylactic 
IgE reactions.44 The speed of dupilumab action, with changes seen 
within days, suggests these cytokines are important in propagat-
ing allergic inflammation leading to pathogenic outcomes that alter 
lung function. Similar effects are observed with anti–IL-5 in diseases 
where eosinophils predominate and cause airway damage and re-
modelling of the airways. In contrast, anti-IgE has a more limited 
effect on atopic dermatitis and nasal polyps and is more effective 
with IgE-mediated reactions, such as food anaphylaxis and urti-
caria.45 Therefore, the suppression of allergic cytokine production 
and effector cells such as eosinophils would appear to be central 
to preventing pathology in non-anaphylactic/IgE-mediated allergic 
diseases. Thus, the ability of the nanoemulsion vaccine to primarily 
alter the type 2 immune responses, including T cells, eosinophils and 
ILC2, likely would provide a longer term and more significant impact 
on chronic allergic responses in the lungs.

F I G U R E  5  Persistence of allergen-
specific IgE in serum of treated mice in 
CRA model. Serum was obtained from 
mice at the end of the study in the CRA 
model. CRA-specific (A) IgE, (B) IgG1 and 
(C) IgG2a antibodies were measured by 
ELISA. n.d. indicates not detected
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The NE-based vaccines are administered intranasally at low vol-
umes (6  µl/nare) that are retained in the nasal cavity and are not 
inhaled into the lungs or swallowed to enter the gastrointestinal 
tract.27,46 However, antigen is taken up by dendritic cells in the nasal 
mucosa, leading to delivery to and retention in nasal-associated 
lymphatic tissue and regional lymph nodes.47 NE vaccines also up-
regulate mucosal homing markers on T cells, resulting in antigen-
specific immune responses in mucosal immune sites, such as the 
lungs and intestine.25,26,48 Mice that receive the NE-based vaccines 
have antigen-specific immune responses in both local (nasal muco-
sal, regional LN) and more distant (spleen, intestine) immune com-
partments, so the NE vaccines induce both local and more systemic 
effects. Specifically, in the chronic CRA model here, the effects of 
the NE vaccines were observed mostly in the lungs, suggesting that 
the local effects at the site of allergic inflammation are key drivers of 
modulation and suppression of disease.

The actual mechanism of how therapeutic NE immunizations 
alter the allergic phenotype in these animals is not entirely clear. This 
is not an induction of “tolerance” since despite increases in IL-10 pro-
duction there is more allergen-specific Th1, Th17 and IgG generated 
in response to allergen than before treatment. It also is not desensi-
tization, as our prior work showed that the reductions in immediate 

reaction and immune modulation were maintained for long periods 
of time after treatment was stopped.26  Therefore, the sustained 
unresponsiveness of allergic Th2 responses that was achieved with 
these immunizations appears to primarily divert the immune re-
sponses towards less pathogenic inflammation and cytokine profiles. 
There are several potential mechanisms that may be operative that 
alter the immune response. IL-10 is increased in these animals and 
has suppressive effects on allergic immune responses.49,50 However, 
it is unlikely that IL-10 is solely responsible since the response pref-
erentially suppresses the Th2 response, while the Th1 response is 
increased. The protective effects are likely due to an overall change 
in the cytokine milieu specifically in the lungs, which alters the re-
cruitment of inflammatory cells, including ILC2s and eosinophils, 
thus suppressing allergic inflammation in the lung.

The NE formulation used here induces IL-17. IL-17 plays a po-
tentially dual role in the allergic response in the lungs. While IL-17 
can drive sensitization to allergen, once mice are already sensitized, 
exogenous IL-17 reduces both lung eosinophilic inflammation and 
AHR through inhibition of DC function, chemokines, and IL-4 and IL-
5.51 Other groups have demonstrated that the pathology associated 
with IL-17 in allergic responses occurs when IL-17 is produced along 
with high levels of Th2 cytokines.52,53 Because NE vaccines suppress 

F I G U R E  6  NE immunization reduces 
ILC2 accumulation in the lungs in severe 
allergic airway disease model. (A) Lung 
mRNA was isolated from individual 
mice and subjected to quantitative PCR 
to analyse IL-13 mRNA compared with 
age-matched naïve, non-allergic mice. 
Lungs from allergen-challenged mice were 
dispersed into a single-cell suspension 
using collagenase digestion. (B) Treg cells 
(CD4+, CD25+, Foxp3+), (C) activated Th 
cells (CD4+, CD69+) and (D) ILC2 cells 
(Lin−, CD45+, CD90+, ST2+, GATA3+) were 
identified by flow cytometry. (E) Following 
CRA challenge, lung mRNA was isolated 
from individual mice and subjected to 
quantitative PCR to analyse the IL-25 
and IL-33 mRNA compared with age-
matched naïve, non-allergic mice. Data are 
expressed as mean ± standard deviation 
(n = 8). Statistically significant differences 
(p < .05) are indicated by *



    |  1371BAKER et al.

Th2 cytokines, particularly IL-13, the NE-induced IL-17 is likely not 
pathogenic and may in fact play a positive role in suppression of al-
lergic disease. Th17 cell–mediated immunity may also suppress IgE 
responses, as has been recently indicated for Th17 immunity associ-
ated with human autoimmune disease. 54

Another potential mechanism that contributes to the overall 
change in the immune environment in NE-immunized mice is that 
cellular migration into the lung is reduced due to alterations in che-
motactic factors or adhesion molecules that may be altered due to 
the primary alteration of cytokine profiles. Eosinophil recruitment 
to the lungs was reduced in the NE-immunized mice. We have pre-
viously demonstrated that NE immunization reduces mast cell ac-
cumulation in the small intestine in food allergy models. Eosinophils 
and mast cells are effector cells responsible for reactivity to allergen 
in the lungs and intestine, respectively, and recruitment of both of 
these effector cell types can be regulated by ILC2s.55,56 Since the 
driving force behind ILC2 cells is innate epithelial cytokines, TSLP, 
IL-25 and IL-33, changes in the production of these cytokines/alarm-
ins may be important. One interesting possibility is that the muco-
sal Th1/Th17 immune response generated with the NE adjuvant is 
directly suppressing the Th2 immunity through an effect on these 
cells through the reduction in alarmin production, consistent with 
the reduced IL-25 and IL-33 in the lungs of NE-immunized mice.

Th1 cytokines have been implicated in suppressing inflammation 
and reactivity in some models of allergic disease, and this could ex-
plain the reductions in ILC2 in the lungs of these animals. It also has 
been reported that Th2 cells are critical for the activation of ILC2s 
in the lung in a house dust mite model of allergic airway disease.57 
ILC2 activation in allergic airway disease may require two signals, 
an innate signal from alarmins and an adaptive signal from T cells 
producing IL-4/IL-13.58  Th1 cells induced by NE may also directly 
impact ILC2s through the production of IFN-γ. IFN-γ restricts ILC2 
accumulation through limiting the IL-33–dependent maintenance of 
ILC2s in the tissue.59–61 Our data suggest that the increased IFN-γ 
from NE-induced Th1 cells suppresses IL-33–mediated ILC2 activa-
tion, resulting in reduced allergic disease. The NE adjuvant may be 
skewing the populations of innate cells, perhaps by down-regulating 
ILC2s and increasing ILC1s or ILC3s or inducing a newly defined reg-
ulatory subset of ILCs.62,63 Further investigation into this last possi-
bility is warranted and is a focus of our ongoing work.

Taken together, these data identify a novel, allergen-specific ap-
proach to suppress allergic inflammation in the lung. This approach 
fundamentally alters the lung immune environment and alters the 
response towards an allergen, as opposed to inducing classic immune 
tolerance or desensitizing against IgE-mediated hypersensitivity re-
actions. It will provide an important tool for examining the control of 
allergic inflammation and ILC2 cells that could provide long-lasting 
suppression of allergic disease.
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