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ABSTRACT(250 words)

Background: Allergic rhinitis is characterized by rhinorrhea, nasal congestion, sneezing and nasal 

pruritis. Group 2 innate lymphoid cells (ILC2s), CD4+ T cells and eosinophils in nasal mucosa are 

increased significantly after nasal allergen challenge (NAC). Effects of intranasal corticosteroids 

(INCS) on ILC2s remains to be investigated.

Methods: Subjects (n=10) with allergic rhinitis and mild asthma were enrolled in a single-blind, 

placebo-controlled, sequential treatment study and treated twice daily with intranasaltriamcinolone 

acetonide(220µg) or placebo for 14 days,separated by a 7-day washout period. Following treatment, 

subjects underwent NAC and upper airway function was assessed. Cells from the nasal mucosa and 

blood, sampled 24 hourspost-NAC,underwent flow cytometric enumeration for ILC2s, CD4+ T and 

eosinophil progenitor (EoPs)levels.Cell differentials and cytokine levels were assessed in nasal 

lavage.

Results: Treatment with INCSsignificantly attenuated ILC2s, IL-5+/IL-13+ILC2s, HLA-DR+ILC2s 

and CD4+ T cells in the nasal mucosa, 24h post-NAC. EoPin nasal mucosa were significantly 

increased, while mature eosinophils were significantly decreased,24h post-NAC in INCS versus 

placebo treatment arm. Following INCS treatment, IL-2, IL-4, IL-5 and IL-13 were significantly 

attenuated 24h post-NAC accompanied by significant improvement in upper airway function. 

Conclusion: Pre-treatment with INCS attenuates allergen-induced increases in ILC2s, CD4+ T cells 

and terminal differentiation of EoPsin the nasal mucosa of allergic rhinitis patients with mild asthma, 

with little systemic effect. Attenuation of HLA-DR expression by ILC2s may be an additional 

mechanism by which steroids modulateadaptive immune responses in the upper airways. 
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INTRODUCTION

Allergic rhinitis and asthma are chronic, heterogeneous airways diseases, with similar 

underlying inflammatory mechanisms, pathobiology and shared treatment approaches. There is 

increasing recognition of a link between allergic rhinitis and asthma, with the concept of a “united 

airway”1. Epidemiological investigations have shown that 40% of patients with allergic rhinitis have 

co-morbid allergic asthma, whereas 80 to 90% of allergic asthmatics develop allergic rhinitis. This 

suggests thatinflammatory processesin allergic rhinitis and allergic asthma manifest with similar 

cellular signaling and activation pathways 2.

Inherent to the pathogenesis of allergic rhinitis and asthma are type 2 immune responses, 

which contribute to upper and lower airway eosinophilia, tissue remodeling, and bronchial 

hyperresponsiveness. Group 2 innate lymphoid cells (ILC2s) are lineage negative lympho-

mononuclear cells that predominantly reside in mucosal tissues 34. The maintenance and activation of 

ILC2s is mediated by a triad of epithelial-cell derived cytokines namely IL-25, IL-33, and TSLP in 

both an allergen-specific and non-allergic specific manner (e.g. pollution, smoking, viral 

infection)345.ILC2shave been implicated as key players in type 2 immune responses, through the 

production of copious amounts of IL-5 and IL-13. ILC2s work co-operatively with CD4+ T cells to 

induce a maximal type 2 immune response during the first 24 hours (h) post-allergen challenge in 

mild asthmatics 67. The greatest numbers of IL-5+IL-13+ILC2s have been identified in the airways of 

prednisone-dependent severe asthmatics with >3% sputum eosinophilia, indicating that these may be 

steroid insensitive cells that drive persistent airway eosinophilia 58. The production of type 2 

cytokines by ILC2s contributing to local eosinophilia by promoting activation, recruitment of mature 

eosinophils and driving in situ differentiation of eosinophil progenitor cells (EoPs) within the airway 

mucosa910. 

Nasal allergen challenge (NAC) is a validated, reproducible clinical model to investigate the 

pathophysiology of allergic rhinitis and assess the kinetics of nasal inflammatory responses  including 

eosinophilia which is sustained to 24 h post-NAC1112.Nasal curettage is a minimally invasive method 

for repeated sampling of the upper airways to assess inflammatory cell changes in mucosal tissue13 . 

ILC2s have been identified in the nasal mucosa of allergic rhiniticsby immunofluorescence staining14. 

In addition, following NAC in moderately severe asthmatics with allergic rhinitis, significant A
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increases in nasal mucosa-extracted ILC2s enumerated by flow cytometry were shown to correlate 

with the level of tissue eosinophilia15.Although studies have shown that intranasal corticosteroids 

(INCS) can attenuate the early (0-2 h) and late phase (2-7 h) response following NAC16, the changes 

in ILC2 number, phenotype and activation level within in the nasal mucosa and steroid sensitivity of 

these cells remains largely unknown. The aim of the current study was to determine whether type 2 

inflammation in the nasal mucosa, induced by NAC can be attenuated by intranasal corticosteroid 

treatment in allergic rhinitis patients with mild asthma, and whether this effect is detected in the 

systemic circulation. 
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METHODS

Subjects

Ten non-smokers with allergic rhinitis and mild asthma were enrolled. Subjects (aged 18-65 years) 

were asymptomatic and not on corticosteroid treatment for 4 weeks prior to study commencement.All 

subjects had a baseline predicted forced expiratory volume (percent) in one second (FEV1) of ≥70%; 

methacholine PC20 (concentration causing a 20% fall in FEV1) ≤16 mg/mL; positive skin-prick test 

to common aeroallergens; total nasal symptom score (TNSS) <3 with each symptom <2 at baseline. 

Subjects met eligibility if their peak nasal inspiratory flow (PNIF) value was reducedby ≥50% from 

the baseline and TNSS score increased above10 following NAC at screening. Baseline subject 

characteristics are summarized in (Table 1). The study (NCT03431961) was reviewed and approved 

by the Hamilton Integrated Research Ethics Board and all subjects provided informed consent.

Study Design

A single-blind, placebo-controlled sequential treatment studydetailed in Figure E1was usedto 

compare 14-days treatment with triamcinolone acetonide (220µg bid) to placebo (saline nasal spray, 

bid)with a 7-day washout period. A sequential order of treatment, where placebo always precededthe 

INCS treatment arm to eliminate possible carryover effects of steroids on the post-NAC cellular 

response. On day 13 of each treatment arm, NAC was performed. TNSS and PNIF were measured at 

baseline and 5, 15, 30, 60 min and then hourly until 7 h post-NAC; blood and nasal lavage were 

collected at baseline, 7 h and 24 h post-NAC for cell differentials, cytokine and chemokine levels. 

Nasal curettage wasperformed 24h post-NAC (day14) to enumerate tissue-extracted inflammatory 

cells by flow cytometry. Negligible cell recovery by nasal curettage at baseline (pre-NAC) precluded 

the use of this time point. Blood was collected at 1, 4, 7 and 24h post-NAC for cell differentials and 

24h post-NAC for enumeration of type 2 cells by flow cytometry.Subjects blinded to the treatment 

type, recorded drug self-administration in a diary, and compliance was confirmed by weighing the 

placebo/steroid dispenser before and after the treatment arms.

Nasal Allergen Challenge

NAC was performed using the Aptar VP7 device (Aptar Pharma) and 100µl of allergen was delivered 

per nostril. The choice of allergen was based on skin prick test positivity and the challenge cumulative A
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challenge dose was determined by the post-NAC response that caused a reduction in PNIF by ≥50% 

from the baseline and a total nasal symptom score (TNSS) increase >10 at screening (Table 1).

Peak Nasal Inspiratory Flow (PNIF) and Total Nasal Symptom Scores (TNSS)

PNIF was performed with peak nasal inspiratory flow meter (GM Instrument) and provided an 

objective measurement of nasal airflow obstruction. TNSS provided a subjective measurement of 

symptoms scored by subjects 17. 

Nasal Lavage

Pre-warmed physiological saline (0.9%; 10 ml) was instilled using a syringe into each nostril 

sequentially.A sponge adapter blocking the opposite nostril prevented leakage and upto7mL of lavage 

fluid was recovered. Cytospins were prepared, stained with diff-quik and cell differential cell counts 

performed to assess percentage of eosinophils, macrophages, neutrophilsand lymphocytes. Protease 

inhibitor was added to the supernatantsand stored at -70o C till assayedfor inflammatory mediators 

using the Meso-Scale Discovery (MSD) and QuickPlex SQ120 Imager.

Nasal Curettage and Peripheral Blood Collection for Flow Cytometry

Nasal mucosal samples were collected from both nostrils by scraping the inferior nasal turbinate in 

each nostril (two-four deep scrapes)using a sterile thermoplastic curette (Rhino-Probe) with zero-

degree rigid nasoendoscopy visualization. The tissue sample was resuspended in sterile RPMI+10% 

FBS with benzonasenuclease on cold beads, washed and then resuspended in RPMI + 10% 

FBS.Heparinized blood(40 mL) was layered by LymphoprepTM density gradient centrifugation to 

isolate peripheral blood mononuclear cells (PBMCs).

Immunofluorescence staining and Flow Cytometric Gating Strategy

Nasal mucosa-extracted cells and PBMCs were subject to immunofluorescence staining for 

enumeration of inflammatory cells as detailed in the online supplement.

Mesoplex Assays 
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Using the Meso-Scale Discovery (MSD) and a QuickPlex SQ120 Imager, nasal lavage samples were 

assayed for pro-inflammatory cytokines and chemokines as detailed in the online supplement.

Statistical analysis 

Data were analyzed using GraphPad Prism 6 software. Statistical analysis of cells, cytokines, and 

chemokines was performed using two-way ANOVA and post-hoc Bonferroni test. Non-parametric 

paired data from flow cytometric analyses was analyzed using a Wilcoxon test for within group 

comparisons. A P-value <0.05 was considered as statistically significant.
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RESULTS

Effect of INCS treatment on nasal symptoms and inflammatory response

Ten subjects (5males, 5 female) with allergic rhinitis and mild asthma completed the study.Following 

NAC, mean changes in PNIF (% change from baseline) and TNSS during the early response (0-2 h), 

late airway response (2-7 h and 24 h post-NAC) are presented in Figure 1A&B, (individual subject 

data shown in supplemental Figure E2A&B). Compared to the placebo treatment, PNIF was 

significantly improved at 6 h post-NAC following 14-day INCS treatment (Figure 1A).Similarly, 

there was a significant improvement in TNSS at 5 min, 7 h and 24 h post-NAC following 14-day 

INCS treatment compared to placebo treatment(Figure 1B). Similar findings were obtained when 

PNIF and TNSS data were analysed as area under the curve (Figure E2C&D). 

In nasal lavage, a significant increase in the proportion of eosinophils was detected at 7h and 

24 h post-NAC compared to baseline in the placebo- treatment arm and at 24h post NAC in the INCS- 

treatment arm(Figure 1C). A significant reduction in percent eosinophils in the INCS versus placebo 

treatment arm was observed at 24 h post-NAC (Figure 1C). Absolute eosinophil numbers in blood 

did not change following NAC in the placebo treatment arm and there was no effect of INCS 

treatment(Figure 1D). Although the proportion of macrophages, lymphocytes and neutrophils in nasal 

lavage did not change at 7 h and 24 h post-NACcompared to baseline in the placebo treated group, 

between treatment comparisons showed a significant increase in the proportion of macrophages and 

lymphocytes at 7 h and 24h post-NAC and a reduction in neutrophils at baseline(supplementalFigure 

E3).

Effect INCS pre-treatment on inflammatory cells in nasal mucosa and blood following NAC 

Type 2 innate lymphoid cells were identified by flow cytometry and sequential gating as live, singlet 

cells with SSAlowLin-CD45+CD127+CRTH2+(Figure 2A and Table E1). Due to low cell recovery 

pre-NAC, pro-inflammatory cells in the nasal mucosa were only enumerated 24h post-NAC in each 

treatment arm (supplementalFigure E4).There was a significant reduction in total ILC2s and IL-

5+/IL-13+ ILC2s in the nasal mucosa, 24 h post-NAC in the INCS versus placebo treatment 

arm(Figure 2B)but not in blood(Figure 2C).Of note, we detected expression of HLA-DR on ILC2s 

extracted from the nasal mucosa (Figure 3A). Levels of HLA-DR+ILC2s expressed either as a A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

proportion of CD45+ cells or as a proportion of total ILC2 cells, showed a significant reduction in the 

INCS compared to the placebo treatment arm, 24 h post NAC(Figure 3B).

Data from in vitro cultures show that HLA-DR expression is increased on ILC2s from blood 

following overnight incubation with optimal concentrations of either IL-2 (10 ng/ml), TSLP (10 

ng/ml) or IFN-γ (50 ng/ml) but not IL-4 (10 ng/ml) (Figure 3C & D).Pre-incubation with 

dexamethasone (10-7M) significantly attenuated IL-2 mediated up-regulation of HLA-DR expression, 

in vitro (Figure 3Ei). Although dexamethasone showed a trend for attenuating TSLP mediated up-

regulation of HLA-DR on ILC2s, this effect was not significant(Figure 3Eii).   

Recent reports have described unconventional ILC2s (uncILC2s) which compared to 

conventional ILC2s (cILC2s:Lin-CD45+CD127+CRTH2+cells) are identifiable as Lin-CD45+cells that 

are non-CD127+(CD127-CRTH2+) or non-CRTH2+(CD127+CRTH2-) cells (supplemental Figure 

E5A) 18. Gating on these populations, we found that IL-5/IL-13+and HLA-DR+cell numbers were 

comparable between all ILC2 groups. However, proportionally INCS treatment had a significant 

inhibitory effect on IL-5/IL-13 and HLA-DR expression on cILC2s but not on uncILC2s, in particular 

non-CD127+cells (supplemental Figure E5B&C).   

The proportion of total CD4+ T cellsin the nasal mucosa was significantly reduced at 24 h 

post-NAC in the INCS compared to placebo treatment arm (supplementalFigure E6A& B). In 

contrast, the proportion of IL-5+/IL-13+ CD4+ T cells,remained unchanged between the two treatment 

arms (supplementalFigureE6B). No significant difference was found in total CD4+ T cells or IL-

5+/IL-13+ CD4+T cells in blood, 24h post NAC between the treatment arms(supplementalFigure 

E6C).

Eosinophil progenitor cells (EoPs; CD34+CD45dimCD125+) (Figure 4A), expressed as a 

proportion of total CD45+ cells were significantly increased, 24 h post-NAC in the INCS versus 

placebo treatment arm. In contrast, INCS treatment had no effect on IL-5+/IL-13+EoPs24h post-NAC 

(Figure 4B). No significant difference between the treatment arms was found in blood EoPs(Figure 

4C).We found no effect of steroid treatment compared to placebo on NAC induced changes in total 

numbers of hematopoietic progenitor cellsor IL-5+/IL-13+ HPCsin either nasal mucosa or blood 

(supplementalFigure E7).

Effect of INCS on NAC-induced cytokines and chemokines levels in nasal lavageA
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There were significant increases in IL-2, IL-4, IL-5, IL-13 andeotaxin levels in nasal lavage 7 h post-

NAC compared to baseline in the placebo treatment arm which was significantly attenuated by INCS 

treatment(Figure 5A-E). At 24 h post-NAC, IL-2 and IL-4 significantly declined relative to 7 h post-

NAC. IL-13 and eotaxin were sustained up to 24 h post-NAC compared to baseline, with trends for an 

inhibitory effect of INCS although this was not significant. IL-25 levels were increased 7 h post-NAC 

in the placebo treatment arm with a trend for decrease compared to INCS treatment group (P=0.07), 

although this was not significant; no treatment effect was detected for IL-7 (Figure 5F&G). IL-33 

and TSLP were below the lower limit of detection in all samples(data not shown). Changes in 

additional cytokines and chemokines in the nasal lavage are summarized in Table E2.
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DISCUSSION

This study investigated the inflammatory response within the nasal mucosa of allergic rhinitis patients 

with mild asthma. Our data show the induction of a local type 2 inflammatory response in the nasal 

mucosa, characterized by increases in ILC2s, CD4+ T cells and associated increases in eosinophils in 

the nasal lavage in response to intranasal allergen challenge consistent with previous findings 
1115.Treatment with intranasal steroids attenuated allergen-induced levels of ILC2s, CD4+ T cells and 

type 2 cytokines generation by these cells which may have attenuated terminal differentiation of EoPs 

in the nasal mucosacausing a reduction in tissue eosinophilia. Of note, this study detected HLA-DR 

expression on ILC2s in the nasal mucosa 24h post-NAC which was significantly attenuated in the 

INCS treatment group. We propose that this may be a potential mechanism by which steroids 

attenuate local ILC2 mediated adaptive immune responsesto allergen challenge in the upper airway. 

Our data from subjects with allergic rhinitis and mild asthma shows that compared to placebo, 

INCS treatment caused a significant inhibition of allergen-induced nasal symptom severity (TNSS) 

during the early and late response post-NAC, but only had an inhibitory effect on PNIF in the late 

response. The early response is mediated by the crosslinking of the pre-loaded IgE on the mast cell 

surface followed by a degranulation of histamine 19. This result is consistent with a study by Liu et al 

who noted that three-day prednisone treatment did not inhibit increases in mast cell numbers or mast 

cell-derived mediators (histamine, PGD2 and thromboxane) in the bronchoalveolar lavage samples 

five minutes after allergen challenge 20. Similarly, Schleimeret al. demonstrated that incubation with 

dexamethasone did not inhibit the release of mediators from human mast cells, in vitro21. Therefore, 

the significant modulatory effect of INCS on the TNSS but not the PNIF early response may, in part, 

be explained by 14 days of triamcinolone acetonide therapy not effectively attenuating allergen-

induced mast cell activation in the upper airways. A limitation of the current study was that changes 

in the proportion of mast cells following treatment with INCS, particularly in the early phase response 

to NAC were not assessed.

Our findings showed a significant increase in nasal lavage eosinophils, 24 h post-NAC in the 

placebo treatment arm which was significantly attenuated in the INCS treatment group. This is 

consistent with findings from Benson et al., who reported that the eosinophils in  nasal lavage was 

significantly reduced after 1 week of intranasal budesonide treatment during pollen season in allergic A
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rhinitis patients 22.Importantly, we found no effect of NAC in blood eosinophil numbers, indicating 

the lack of a systemic effect of our NAC in this study.Raised numbers of EoPs have previously been 

detected in sputum and airway tissue of allergic asthmatics and rhinitics compared to normal healthy 

controls9102324. The capacity of these cells to undergo insitudifferentiation in an IL-5 dependent 

manner to form mature eosinophils has been demonstrated in ex-vivo nasal explant tissue from 

allergic rhinitics9. In a clinical trial, where severe eosinophilic asthmatics were treated with 

mepolizumab, EoP numbers increased in response to anti-IL-5 treatment with an associated decline in 

mature eosinophil numbers10. Similarly, here we suggest that steroid mediated attenuation of tissue 

IL-5 levels reduces local differentiative processes resulting in a build-up of precursor cells i.e.EoPs, 

within the nasal mucosa which may in part contribute to the observed attenuation of eosinophilia in 

the nasal lavage 24h post-NAC in the INCS versus placebo treatment arm. While steroid pre-

treatment may reduce eotaxin and IL-13 levels that ameliorate tissue recruitment of both mature 

eosinophils and EoPs, it is plausible that other EoPchemoattractants such as stromal cell derived 

factor -1 may not have been affected by the drug treatment additionally contributing to the tissue 

build-up of EoPs post-allergen challenge. 

ILC2s are central players in type 2 immune response that produce copious amounts of IL-5 and 

IL-13 6. We have previously shown significantly increased numbers of ILC2s in the lower airways of 

patients with severe steroid-dependent eosinophilic asthma, compared to mild asthmatics, with the 

highest level of activated ILC2s being found in the sputum of those with uncontrolled eosinophilia 

(>3% sputum eosinophils) 8. The steroid insensitivity of ILC2s has been further implicated by Liu et 

al., demonstrating that ILC2s from BAL of severe asthmatics, in the presence of IL-7 and TSLP, are 

resistant to inhibitory effects of dexamethasone 18.In the context of chronic rhinosinusitis (CRS), 

ILC2s within nasal polyp tissue have been shown to significantly decrease after oral steroid treatment 
25. Likewise, blood ILC2s were decreased in asthmatics with allergic rhinitis after a three-month 

treatment with intranasal and inhaled corticosteroids 26. An attenuation of IL-5 and IL-13 production 

by alarmin-stimulated ILC2s in the presence of steroids in vitro has been reported2627.In mild 

asthmatics,total numbers of ILC2s and IL-5+/IL-13+ILC2s in sputum are increased significantly 

during the first 24 hafterinhalation allergen challenge in mild asthmatics, which then declined to 

baseline levels by 48 h post-allergen challenge 6. We therefore selected the 24 h time point post-NAC, A
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with a view to capturing maximal change in ILC2 numbers post-NAC and assessing the effects of 

INCS on these cells in the nasal mucosa. In the INCS treatment arm, there were significantly lower 

total numbers of ILC2s and IL-5+/IL-13+ILC2s, and significantly lower CD4+T cells in nasal mucosa, 

compared to the placebo treatment. In line with this, there was a decrease in type 2 cytokines, 

including IL-5 and IL-13, within the nasal lavage in the INCS treatment arm. These findings suggest 

that INCS has the potential to attenuate the ability of ILC2s to drive type 2 inflammation locally 

within the nasal mucosa. Due to the low numbers of ILC2s in the nasal curettage samples detected by 

flow cytometry the current data should be interpreted with caution. Supportive data from more 

rigorous techniques such as CyTOF (cytometry by time of flight)28 and multiplexed ion beam imaging 

(MIBI)29will be essential to confirm the current findings and to exclude the possibility of ILC2s from 

blood vessels contaminating the mucosal scraping taken in this study.IL-2 maintains ILC2 survival 

and cytokine production 3031, whereas IL-4 is important for ILC2 proliferation 3132. The alarmin 

cytokines, IL-33, IL-25 and TSLP are important activators of ILC2s, stimulating IL-5 and IL-13 

production that drive type 2 inflammatory responses 31. Furthermore, TSLP and IL-7 produced in high 

levels within the airways of severe asthmatics are proposed to confer steroid insensitivity to airway 

ILC2s in this patient population 18. In this study, the NAC stimulated an increase in nasal lavage 

levels of IL-2, IL-4 and IL-25 at 7 h, which were attenuated (not significantly for IL-25) in the INCS 

treatment arm. As such, a decline in the signals for ILC2 survival and proliferation may have, in part, 

resulted in lower ILC2 numbers within the INCS treatment arm compared to placebo. In addition low 

TSLP levels, consistent with findings from other studiesin allergic rhinitics challenged with house 

dust extract 33 may have facilitated the inhibitory effects of steroid on ILC2 numbers and function in 

the nasal mucosa.

With respect to novel pathways by which ILC2s drive adaptive immune responses, the 

expression of major histocompatibility complex II (MHCII) has recently been reported on ILC2s, 

suggesting a possible antigen presenting cell (APC) function of these cells in mice 3034.Similarly, 

human leukocyte antigen (HLA-DR)has also been identified on ILC2s from COPD patients following 

an acute exacerbation 35. The role of HLA-DR on human ILC2s has not been well studied in the 

context of allergic airways disease. Murine and human in vitro models have shown that the interaction 

between ILC2s and CD4+T cells through MHC II results in significant proliferation of both cell types, A
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as well as IL-5 and IL-13 production 30343536. A novel aspect of this study is the detection of HLA-DR 

expression on ILC2s. A previous study which reported that ILC2s from non-pathological tissues (lung, 

skin, tonsil, colon) do not express HLA-DR37. Here we show that HLA-DR expression is upregulated 

on ILC2s from chronically inflamed tissue post-allergen challenge and that pre-treatment with 

intranasal steroids attenuates allergen-induced up-regulation of this receptor. This is supported by our 

in vitro data where overnight culture with either IL-2, TSLP or IFN-γ significantly up-regulated HLA-

DR expression on ILC2s. The IL-2 but not TSLP mediated effect was reversed in the presence of 

steroids. We therefore propose that steroids attenuate ILC2 mediated activation of T2 inflammatory 

responses,in part by reducing the antigen presenting capacity of these cells within the nasal mucosa. 

Further research is needed to determine the relevance of HLA-DR expression in mediating the antigen 

presenting capacity of ILC2s compared to other antigen presenting cells in human allergic airways 

disease. 

In summary, our data show that nasal allergen challenge induces a local type 2 inflammatory 

response within the nasal mucosa which is modulated by pre-treatment with intranasal corticosteroids.  

Increases in ILC2s numbers and activation level in the nasal mucosa was associated with type 2 

inflammation, contributing to allergic rhinitis symptoms and inflammation in the nose. The lack of 

predominance of TSLP or IL-7 within the local upper airways may facilitate steroid sensitivity of 

ILC2s. Whether the relative proportion of conventional versus non-conventional ILC2s and the 

steroid sensitivity of these populations varies with severity of allergic rhinitis disease warrants further 

investigation. 
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Table1. Baseline Characteristics of Study Subjects

Sex Age 

(yr)

FEV1   (% 

Predicted)

FEV/FVC Allergen AllergenDilution PNIF(L/min) TNSS

M 37 79.74 0.65 HDMDP 1:128 100 0

F 30 89.59 0.90 Cat 1:8 70 2

M 28 92.51 0.80 Grass 1:2 170 0

F 24 121.35 0.84 HDMDP 1:8 130 1

M 57 85.86 0.62 HDMDP 1:2 150 0

F 22 109.06 0.87 HDMDP 1:8 160 1

M 37 107.82 0.72 Ragweed 1:8 170 2

M 23 98.60 0.85 Horse 1:32 150 0

F 19 91.09 0.75 HDMDP 1:32 130 0

F 21 110.31 0.88 HDMDP 1:8 190 0

Definition of abbreviation: FEV1= forced expiratory volume in one second; HDMDP= house dust 

mite protein.

Baseline characteristics of mild allergic rhinitics with asthma (n=10) that were enrolled in the study. Non-

smoking subjects aged 21 to 57 were enrolled in this study. Subjects were skin-prick positive to common 

aeroallergens, FEV1 greater or equals to 70% of the predicted value. Subjects had no asthma exacerbation and 

respiratory tract infection during the previous 8 weeks. Subjects had no using of β2-agonist treatment, 

corticosteroids, aspirin or anti histamine medications prier to the laboratory visit.Choice of allergen was based 

on largest skin prick test positivity and challenge dilution of the allergen was determined based on a 

post-nasal allergen challenge that caused a peak nasal inspiratory flow (PNIF) reduction by ≥50% 

from the baseline and a total nasal symptom score (TNSS) increase above 10.
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FIGURE LEGENDS

Figure 1:Nasal symptoms (PNIF –peak nasal inspiratory flow and TNSS: Total nasal symptom score) 

and eosinophils in the nasal lavage and blood detected pre- and post- nasal allergen challenge (NAC) 

in the placebo (open circles) and intranasal corticosteroid (INCS) (closed circles) treatment arms. 

There was a significant improvement in (A) PNIF in INCS treatment arm 6 h post-NAC (n=9) and (B) 

TNSS at 5 min, 4 h, 7 h and 24 h post NAC in the INCS treatment arm (n=10). (C) NAC-induced 

increase in percent eosinophils in nasal lavage which was attenuated in the INCS treatment arm 24 h 

time post (n=10). (D) Absolute numbers of eosinophils in blood were not affected by NAC in the 

placebo or INCS treatment arms (n=10). Data are presented as mean ± SD; For statistical significance, 

a Wilcoxon test (A& B) and ANOVA test with Bonferroni post-hoc test (C & D) was used. (# P<0.05 

for within and * P<0.05 for between treatment arm comparisons); BL= baseline.

Figure 2:(A) Representative FACS plot of ILC2s gated as live, singlet SSClow Lin- CD45+ CD127+ 

CRTH2+ cells from nasal mucosa. A significant reduction in nasal mucosa levels of (B)(i) total ILC2s 

and (B)(ii) IL-5+/IL-13+ ILC2s expressed as percent of total CD45+cells or (B)(iii) total ILC2s was 

found 24h post-NAC in the INCS versus placebo treatment arm. (C) No significant change in total 

ILC2s or IL-5+/IL-13+ ILC2s was found in blood, 24h post-NAC in placebo versus INCS treatment 

arm. Data (n=8 of 10 as 2 subjects had insufficient cell recovery by nasal curettage) were analyzed for 

statistical significance using a Wilcoxon test; horizontal bars represent median values of each data set. 

(*P<0.05 and ** P<0.01).

Figure 3:Representative FACS plot of HLA-DR expression on (A)(i) ILC2s (Lin-

CD45+CD127+CRTH2+) compared to a positive control - monocytes (Lin+CD45+CD16+cells) 

extracted from nasal mucosa(A)(ii). HLA-DR expression was significantly attenuated on ILC2s 24h 

post NAC in INCS vs placebo treatment arm when expressed as a proportion of (B)(i)CD45+ cells or 

(B)(ii) total ILC2s. (C) FACS gating on PBMCs for HLA-DR expression on ILC2s cultured in PBS 

vs TSLP (10 ng/ml) overnight. (D) HLA-DR+ILC2s were increased significantly following overnight 

culture with optimal concentrations of IL-2 (10ng/ml), TSLP (10 ng/ml) and IFN-γ (50 ng/ml) but not A
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IL-4 (10 ng/ml) (n=5). (E) Upregulation of HLA-DR expression on ILC2s by IL-2 but not TSLP was 

significantly attenuated in the presence of dexamethasone (10-7M; n=7).  

Statistical analyses of data in (B) used a Wilcoxon test for non-parametric paired data; horizontal bars 

represent median values of each data set, (D) one-way ANOVA with Bonferroni post-hoc and (E) 

paired T-test. 

Figure 4:Enumeration of Eosinophilic progenitor cells (EoPs) in nasal mucosa and peripheral blood 

24 hours after NAC in placebo and INCS treatment arms. (A) EoPs were identified as 

CD34+CD45dimCD125+ cells by FACS. There was a significant increase in (B)(i) total EoPs in nasal 

mucosa 24h post-NAC in the INCS versus placebo treatment group. No significant change was found 

for (B)(ii) IL-5+/IL-13+EoPs in nasal mucosa, (C)(i) total blood EoPs or (C)(ii) IL-5+/IL-13+EoPs cells 

in blood when 24h post-NAC samples were compared in the INCS versus placebo treatment arms. 

Data (n=8) were analyzed for statistical significance using a Wilcoxon test for non-parametric paired 

data; Horizontal bars represent median values of each data set.

Figure 5: Cytokine and chemokines in nasal lavage samples from patients with mild allergic rhinitis 

and asthma. Subjects were treated with placebo (solid circles) or intranasal steroids (solid squares) for 

14 days before NAC. At baseline (BL), 7h and 24h post-nasal Ag challenge, levels of (A) IL-2, (B) 

IL-4, (C) IL-5, (D) IL-13, (E) eotaxin (F) IL-25 and (G) IL-7 were determined by mesoplex assays on 

the MSD Platform. A two-way ANOVA test with Bonferroni correction (α/m) was used to determine 

statistical significance of parametric paired data. Data was presented as mean and SD (n=9). * 

indicates the significance within the placebo group and # indicates the significance between placebo 

and INCS groups.
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Figure 1.Nasal symptoms (PNIF –peak nasal inspiratory flow and TNSS: Total nasal symptom score) 

and eosinophil levels in the upper and blood detected pre and post nasal allergen challenge (NAC) in 

the placebo (open circles) and intranasal corticosteroid (INCS) (closed circles) treatment arms. There 

was a significant improvement in (A) PNIF in INCS treatment arm 6 h post-NAC (n=9) and (B) 

TNSS at 5 min, 4 h, 7 h and 24 h post NAC in the INCS treatment arm (n=10). (C) NAC-induced 

increase in the percentage of eosinophils in nasal lavage was attenuated in the INCS treatment arm 24 

h time post (n=10). (D) Absolute numbers of eosinophils in blood were not affected by NAC in the A
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placebo or INCS treatment arms (n=10). Data are presented as mean ± SD; A Wilcoxon test for non-

parametric paired data was used for (A& B) and ANOVA test with Bonferroni post-hoc test was used 

to detect significance for (C & D). (# P<0.05 for within and * P<0.05 for between treatment arm 

comparisons); BL= baseline.
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Figure 2. (A) Representative FACS plot of ILC2s gated as live, singlet SSClow Lin- CD45+ CD127+ 

CRTH2+ cells from nasal mucosa. A significant reduction in nasal mucosa levels of (B)(i) total ILC2s 

and (B)(ii) IL-5+/IL-13+ ILC2s expressed as percent of total CD45+cells or (B)(iii) total ILC2s was 

found 24h post-NAC in the INCS versus placebo treatment arm. (C) No significant change in total 

ILC2s or IL-5+/IL-13+ ILC2s was found in blood, 24h post-NAC when placebo was compared to 

INCS treatment arm. Data (n=8 of 10 as 2 subjects had insufficient cell recovery by nasal curettage) 

were analyzed for statistical significance using a Wilcoxon test for non-parametric paired data; 

horizontal bars represent median values of each data set. (*P<0.05 and ** P<0.01).
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Figure 3. Representative FACS plot of HLA-DR expression on (A)(i) ILC2s (Lin-

CD45+CD127+CRTH2+) compared to the positive control (A) (ii) monocytes (Lin+CD45+CD16+cells) 

extracted from nasal mucosa. (B) (i) HLA-DR expression was significantly attenuated on ILC2s 

detected at 24h post NAC in INCS vs placebo treatment arm when data were expressed as a 

proportion of (B)(ii)CD45+ cells or (B)(iii) as a proportion of total ILC2s. A similar trend was 

observed with monocytes although this was not significant. (C) FACS gating on PBMCs for HLA-DR 

expression on ILC2s cultured in PBS vs TSLP (10 ng/ml) overnight. (D) HLA-DR+ILC2s were A
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increased significantly following overnight culture with optimal concentrations of IL-2, TSLP (10 

ng/ml) and IFN-γ (50 ng/ml) but not IL-4 (10 ng/ml). (E) Upregulation of HLA-DR expression by 

ILC2s was attenuated in the presence of dexamethasone (10-7M).  Statistical analyses of data in (B) 

used a Wilcoxon test for non-parametric paired data; horizontal bars represent median values of each 

data set, (D) one-way ANOVA with Bonferroni post-hoc and (E) paired T-test. 
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Figure 4. Enumeration of Eosinophilic progenitor cells (EoPs) in nasal mucosa and peripheral blood 

24 hours after NAC in placebo and INCS treatment arms. (A) EoPs were identified as 

CD34+CD45dimCD125+ cells by FACS. There was a significant increase in (B)(i) total EoPs in nasal 

mucosa 24h post-NAC in the INCS versus placebo treatment group. No significant change was found A
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for (B)(ii) IL-5+/IL-13+EoPs in nasal mucosa, (C)(i) total blood EoPs or (C)(ii) IL-5+/IL-13+EoPs cells 

in blood when 24h post-NAC samples were compared in the INCS versus placebo treatment arms. 

Data (n=8) were analyzed for statistical significance using a Wilcoxon test for non-parametric paired 

data; Horizontal bars represent median values of each data set.
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Figure 5. Cytokine and chemokines in nasal lavage samples from patients with mild allergic rhinitis 

and asthma. Subjects were treated with placebo (solid circles) or intranasal steroids (solid squares) for 

14 days before NAC. At baseline (BL), 7h and 24h post-nasal Ag challenge, levels of (A) IL-2, (B) 

IL-4, (C) IL-5, (D) IL-13, (E) eotaxin (F) IL-25 and (G) IL-7 were determined by mesoplex assays on 

the MSD Platform. A two-way ANOVA test with Bonferroni correction (α/m) was used to determine 

statistical significance of parametric paired data. Data was presented as mean and SD (n=9). * 

indicates the significance within the placebo group and # indicates the significance between placebo 

and INCS groups. 
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 4 
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 9 

 10 

Immunofluorescence Staining for Flow Cytometric Analyses 11 

Nasal-extracted cells and peripheral blood mononuclear cells were stained with viability Dye 12 

(AF700) and incubated in Perm/Fix Buffer (BD Bioscience). Cells were then stained with 13 

antibodies for both surface and intracellular markers Lin-FTIC, CD45-APC-H7, IL-5/13-PE, 14 

PerCP-Cy5.5-HLA-DR, CRTH2-BV421, CD127-BV605, and CD4-BV510, CD34-BV786 and 15 

CD125-APC or relevant isotype controls (BD Bioscience, Mississauga, ON, Canada; 16 

eBiosciences, San Diego, CA; R&D Systems, MN, USA). Lin-cocktail antibodies to (CD2, CD3, 17 

CD14, CD19, CD20 and CD94) plus FcεR1 excluded T and B lymphocytes, B-cells, monocytes, 18 

eosinophils, NK cells and basophils. After incubation, cells were washed and resuspended in fixed 19 

in PBS with 1% paraformaldehyde and analyzed by a FACS LSRII flow cytometer (BD 20 

Biosciences, CA, US) within 24 h. As cells were treated with Perm/Fix immediately after isolation 21 

from the nasal mucosa, a protein transport inhibitor was not required to maintain intracellular 22 

cytokine. Gating in the lympho-mononuclear region (low side scatter/low forward scatter) and 23 

following acquisition of 300,000 events, data were analyzed using Flow-Jo software (Tree Star, 24 

CA, US) where ILC2 were defined as live, singlets with SSAlowLin-CD45+CD127+CRTH2+ 25 

phenotype expressing intracellular type 2 cytokines, IL-5/IL-13+ (Figure 2) or surface HLA-DR 26 
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(Figure 3). Gating for CD4+ T cells as live, singlet cells with SSAlow Lineage+ [CD2, 3, 14, 16, 19, 27 

20, 94, FcƐRI] CD45+CD4+) phenotype is described in Figure E6 with a 98% confidence limit. 28 

Data are expressed as a proportion of the total CD45+ (white cell population) cells gated unless 29 

otherwise stated. Gating for eosinophilic progenitor cells (EoPs; CD34+CD45dim CD125+) and 30 

hematopoietic progenitor cells (HPCs; CD34+ CD45dim) is described in Figure 4.   31 

 32 

Mesoplex Assays  33 

Using the Meso-Scale Discovery (MSD) and a QuickPlex SQ120 Imager, nasal lavage samples 34 

were assayed using (i) Human V-PLEX 36-cytokine panel to detect chemokines, pro-inflammatory 35 

and Th17 cytokines and, (ii) Uplex kit to detect alarmin cytokines (TSLP, IL-17E/IL-25 and IL-36 

33). The lower limit of detection (LLOD) values were IL-2, IL-5 (0.02 pg/ml); IL-4 (0.01 pg/ml); 37 

IL-7 (0.06 pg/ml); IL-13 (0.14 pg/ml); IL-25 (1.88 pg/ml); TSLP (1.96 pg/ml); Eotaxin (3.29 38 

pg/ml). Any value below LLOD value was replaced by LLOD/2. 39 

40 
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 41 

 42 

Table E1. Raw data for FACS gating for total and cytokine positive ILC2 from nasal curettage 43 

samples taken from each patient in the current study. These raw data from 24h post nasal allergen 44 

challenge (NAC) samples taken from the placebo and intranasal corticosteroid (INCS) arms are 45 

presented as number of gated events and percent of gated CD45+ cells (white blood cells). These 46 

data are also presented in figure 2 of the manuscript.  47 

48 

Subjects  
 

CD45+ 
cells 

(Events) 
 

ILC2s 
 

(Events) 

IL5/13+ILC2s 
(Events) 

ILC2s 
(%CD45+ cells) 

IL5/13+ILC2s 
(%CD45+ cells) 

IL5/13+ILC2s 
(% ILC2s) 

01  
  Placebo 
      INCS 

 
5465 
6740 

 
16 
15 

 
7 
7 

 
0.29 
0.22 

 
0.13 
0.1 

 
43.8 
46.7 

02 
Placebo 

      INCS 

 
16132 
4003 

 
18 
1 

 
7 
0 

 
0.11 
0.02 

 
0.04 

0 

 
38.9 

0 

03 

Placebo 
      INCS 

 
21728 
4704 

 
24 
5 

 
5 
1 

 
0.11 
0.11 

 
0.02 
0.02 

 
20.8 
20 

04    

Placebo 
      INCS 

  
17293 
7854 

 
24 
7 

 
10 
1 

 
0.14 
0.09 

 
0.06 
0.01 

 
41.7 
14.3 

05   

Placebo 
      INCS 

 
3465 
5605 

 
7 
4 

 
4 
0 

 
0.20 
0.07 

 
0.12 

0 

 
57.1 

0 

06 

Placebo 
      INCS 

 
15704 
4729 

 
32 
5 

 
16 
0 

 
0.20 
0.11 

 
0.10 

0 

 
50 
0 

07 

Placebo 
      INCS 

 
4977 

24425 

 
5 

16 

 
3 
5 

 
0.10 
0.07 

 
0.06 
0.02 

 
60 

31.3 

08 

Placebo 
      INCS 

 
13054 
4773 

 
44 
1 

 
27 
0 

 
0.34 
0.02 

 
0.21 

0 

 
61.4 

0 
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 49 

 50 

Table E2. Additional cytokine and chemokine levels in nasal lavage samples from patients 51 

with mild allergic rhinitis and asthma. Subjects were treated with placebo followed by intranasal 52 

steroid for 14 days before NAC. At baseline (BL),7h and 24h post-NAC. Cytokines that 53 

demonstrated no significant change after INCS treatment are listed above. Data was presented as 54 

mean with SD. A two-way ANOVA test with Bonferroni correction (α/m) was used to determine 55 

statistical significance of parametric paired data.  56 

*A number of cytokines were below the limit of detection of the assay kit including GM-CSF, 57 

IFN-γ, IL-10, IL-12, IL-12p70, IL-15, IL-17, IL-17A/F, IL-33, TSLP, TNFα and TNF-β 58 

 59 

 60 

 61 

  62 

63 

Not 

significant 

Placebo INCS 

(pg/mL) BL 7h 24h BL 7h 24h 

Cytokines Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Eotaxin-3 359.5 811.1 649.2 1477.1 269.2 254.3 45.9 69.5 44.1 34.6 184.2 385.8 

IL-1β 3.2 3.3 1.4 1.1 3.2 2.2 2.2 2.0 1.5 1.6 2.7 1.9 

IL-6 1.3 0.9 2.8 2.5 3.4 3.0 1.2 0.9 4.0 5.2 3.0 3.4 

IL-8 513.0 368.1 267.8 112.0 693.6 330.9 349.0 224.6 279.7 193.6 654.5 730.7 

IP-10 993.3 1136.1 449.5 227.4 769.0 513.4 674.1 1046.9 435.2 279.2 421.8 234.8 

MCP-1 24.2 8.7 41.9 28.2 35.2 15.3 29.9 9.8 42.2 27.2 32.7 12.9 

MCP-4 5.7 8.1 3.9 3.0 5.1 4.4 1.6 1.2 2.4 1.6 2.8 1.9 

MDC 28.7 18.6 42.2 34.8 65.4 58.0 13.1 13.1 15.4 4.9 82.1 184.1 

MIP-1α 10.9 6.1 15.5 14.8 15.0 9.5 7.9 4.1 8.9 2.9 19.7 27.0 

MIP-1β 12.9 17.3 32.4 42.2 46.6 66.9 5.6 3.5 13.2 15.9 28.4 42.1 

IL-16 62.7 79.8 71.9 84.8 79.1 71.8 22.0 21.7 31.7 34.7 53.8 36.9 

IL-1α 15.8 10.9 11.0 7.3 15.2 10.8 19.1 11.6 10.8 5.1 12.5 7.2 

TARC 15.2 11.9 57.0 66.9 92.6 115.6 8.7 4.1 14.3 7.7 47.4 59.2 

VEGF 288.0 124.1 232.9 88.8 236.9 66.1 263.0 103.1 247.8 57.4 268.1 106.0 
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 64 
 65 

 66 

Figure E1. Study Design: Eligible subjects (allergic rhinitis patients with asthma) inhaled placebo 67 

by aqueous nasal spray twice a day for 14 days before nasal allergen challenge (NAC). Blood and 68 

nasal sampling were made 24 hours after NAC. Following a 7 day washout period, subjects inhaled 69 

220 µg triamcinolone acetonide twice daily by aqueous nasal spray for 14 days before the NAC. 70 

Blood and nasal sampling were repeated as indicated. NAC= nasal allergen challenge; Mch PC20 71 

= concentration of methacholine required to reduce FEV1 by 20%; INCS= intranasal 72 

corticosteroid; PNIF= peak nasal inspiratory flow; TNSS= total nasal symptom score; NL=nasal 73 

lavage; PBMC= peripheral blood mononuclear cells; NS= nasal scraping. 74 

 75 

 76 
 77 
 78 
 79 
 80 
 81 
 82 
 83 
 84 
 85 
 86 
 87 
 88 
 89 
 90 
 91 
 92 
 93 
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 94 
Figure E2. Nasal symptoms score (PNIF and TNSS) at baseline and post NAC in placebo and 95 

INCS Treatment Arms. Data are subdivided based on early and late responses. (A) PNIF is 96 

presented as % change from baseline (n=10), (B) TNSS at baseline and different time points after 97 

NAC in placebo and INCS arms (n=10). Nasal symptoms - PNIF (C) and TNSS (D) were analysed 98 

from 0 min to 24 hours post NAC in each treatment arm and data are presented as area under the 99 

curve (AUC) for each patient with horizontal bars showing median levels. A two-way ANOVA test 100 

with Bonferroni correction (α/m) was used to determine statistical significance of parametric 101 

paired data. A Wilcoxon test was used for between placebo and INCS treatment arm comparisons. 102 

BL= baseline. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; # indicates comparison to 103 

baseline. 104 
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 106 
 107 

 108 
Figure E3. Cellular frequencies in nasal lavage fluid taken pre and post allergen challenge in the 109 

placebo and INCS treatment arms. INCS pre-treatment resulted in a significant decrease in (A) 110 

macrophages and (B) lymphocytes but not (C) neutrophils, 24h post NAC versus pre-NAC in the 111 

INCS treatment arm but not in the placebo treatment. Data were presented as mean ± SD; a two-112 

way ANOVA test with Bonferroni correction (α/m) was used to assess significance of parametric 113 

paired data. BL= baseline. 114 

115 
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 116 
 117 

Figure E4. FACS gating of a representative nasal curettage sample taken pre-allergen challenge 118 

to identify ILC2s as live, singlet cells that are lin-CD45+CRTH2+CD127+. Data show that 119 

negligible numbers of ILC2s were detected in pre-allergen challenge samples from mild allergic 120 

rhinitics with asthma. This precluded the use of pre-allergen challenge samples and only 24h 121 

post-nasal allergen challenge samples were collected in the placebo and steroid treatment arm of 122 

this study. 123 

 124 

125 
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 126 

Figure E5: (A) Flow cytometric enumeration of nasal mucosa extracted cells identified as 127 

conventional ILC2s (cIL2s: lin-CD45+CD127+CRTH2+) compared to unconventional ILC2s 128 

(uncILC2s: lin-CD45+CD127-CRTH2+ and lin-CD45+CD127+CRTH2- cells). Expressed as (B) 129 

(i) a percent total CD45+ cells, comparable expression levels of IL-5/13 in all ILC2s sub-groups 130 

and all were significantly attenuated by INCS treatment, (ii) a percent of each ILC2 population, 131 

INCS treatment had differential inhibitory effects on type 2 cytokine expression. For HLA-132 

DR+ILC2s expressed as (C)(i) percent CD45 or (C)(ii) percent ILC2 population – although 133 

comparable levels of expression were found, INCS treatment only significantly attenuated HLA-134 

DR expression 24h post-NAC in the cILC2 population and not uncILC2s. Data (n=8) were 135 

analyzed for statistical significance using a Wilcoxon test for non-parametric paired data; 136 

horizontal bars represent median values of each data set. (*P<0.05 and ** P<0.01). 137 

138 
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Figure E6. CD4+ T cells in nasal mucosa and peripheral blood 24 hours after NAC in placebo and 140 

INCS treatment groups. (A) FACS gating of live, singlet CD45+ Lin+CD4+ T cells in nasal mucosa 141 

extracted cells (B) There was a significant reduction of total CD4+ cells in nasal mucosa 24h post 142 

NAC in INCS treatment arm versus placebo (n=8). (C) No significant change was detected in IL-143 

5+/IL-13+ CD4+ cells in nasal mucosa, total or IL-5+/IL-13+ CD4+ cells in blood (n=8). Data were 144 

analyzed for statistical significance using a Wilcoxon test; horizontal bars represent median values 145 

of each data set. 146 

147 
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 148 

Figure E7. Hemopoietic progenitor cell (HPCs) levels in nasal mucosa and peripheral blood 24 149 

hours after NAC in placebo and INCS treatment groups. (A-D) No significant change was detected 150 

in HPCs or IL-5+/IL-13+ HPCs in nasal mucosa or blood (n=8) after INCS treatment. Data were 151 

analyzed for statistical significance using a Wilcoxon test  and the horizontal bars represent median 152 

values of each data set. 153 

 154 
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