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ABSTRACT
Purpose: Group 2 innate lymphoid cells (ILC2s) have been implicated in the pathogenesis 
of allergic disease. However, the effect of allergen-specific immunotherapy (AIT) on ILCs 
remains to be clarified. The aim of this study was to evaluate the levels of ILC subsets in 
allergic rhinitis (AR) patients in response to house dust mite (HDM)-specific immunotherapy.
Methods: We enrolled 37 AR patients undergoing AIT (16 responders and 11 non-responders) 
for 2 years, 35 HDM AR patients and 28 healthy subjects. Peripheral blood mononuclear cells 
(PBMCs) were analyzed by flow cytometry to identify ILC subsets. Stimulation of ILC2s with 
recombinant allergen-specific protein was used to determine ILC2's activation (CD69 expression).
Results: Responder AIT patients and healthy subjects had a decreased frequency of 
circulating ILC2s compared to non-responder AIT and AR patients. Conversely, ILC1s from 
responder AIT patients and healthy subjects showed increased frequency compared to non-
responder AIT and AR patients. The frequency of ILC3s natural cytotoxicity receptor (NCR)+ 
and NCR− in responder AIT patients was significantly lower compared to AR patients and 
healthy subjects. The ILC1: ILC2 proportion in responder AIT patients was similar to that of 
healthy subjects. PBMCs from patients who were responders to AIT had a significantly lower 
expression of the activation marker CD69 on ILC2s in response to allergen re-stimulation 
compared to AR patients, but no difference compared to non-responder AIT patients and 
healthy subjects.
Conclusions: We propose that AIT might affect ILC responses. The activation of ILC2s was 
reduced in AR patients treated with AIT. Our results indicate that a relative ILC1/ILC2 skewed 
response is a possible key to successful AIT.
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INTRODUCTION

Innate lymphoid cells (ILCs) are a recently identified group of lymphoid cells that lack an 
antigen receptor and develop from common lymphoid progenitors in fetal liver and bone 
marrow.1 ILCs have been classified into 3 groups and each group produces cytokines and 
transcription factors resembling each of the T helper cell subsets.1,2 Group 1 ILCs (ILC1s), 
which consists of classical natural killer (cNK) cells and ILC1s, can produce the Th1 cytokine 
interferon (IFN)-γ and express T-box transcription factor (T-bet). They have been implicated 
in Th1-like immunity against intracellular pathogens such as viruses and intracellular 
bacteria.3,4 Group 2 ILCs (ILC2s), which consists of natural helper cells and nuocytes 
(inflammatory ILC2s), can produce Th2 cytokines: interleukin (IL)-4, IL-5, IL-9, and IL-13, 
and express GATA-3.5-9 They have been implicated in immunity against helminths, allergic 
diseases and tissue repair.1 Group 3 ILCs (ILC3s) consist of the 2 major subsets of natural 
cytotoxicity receptor (NCR) NCR+ ILC3s and NCR− ILC3s.10 ILC3s can produce the Th17 
cytokine IL-17A, but IL-22 can only be produced by NCR+ ILC3s. ILC3s express the retinoid-
related orphan receptor γt (RORγt) and play a role in immunity against extracellular bacteria, 
which are implicated in the pathogenesis of some autoimmune diseases.10

Currently, it has been demonstrated that ILCs, especially ILC2s are involved in allergic 
airway inflammation. ILC2s in peripheral blood and bronchoalveolar lavage fluid (BALF) 
were increased in asthmatic patients compared to control subjects and were negatively 
correlated with airway function.11-14 Many inhalant antigens trigger IL-33 and IL-25 production 
from epithelial cells and various immune cells, and induce eosinophilic asthma-like airway 
inflammation through activation of lung ILC2s.15-19 The strong protease activity of house 
dust mites (HDMs) induces IL-33 release from epithelial cells, which provokes asthma-like 
airway inflammation through ILC2 activation.1 In patients with allergic rhinitis (AR), ILC2s 
are increased in peripheral blood after a cat allergen challenge and during grass pollen 
season.20-22 The levels of ILC2s in HDM AR patients was higher compared to healthy controls 
and had a positive correlation with plasma IL-13 levels.23,24

HDM is globally one of the most common problematic allergens, especially in the tropics.25 
In Asia, a recent review reported that the prevalence of HDM sensitization could be as high 
as 90% or more in some countries such as Thailand, Singapore, Taiwan and India.26 Allergen 
immunotherapy (AIT) is an important treatment against HDM sensitization in allergic 
rhinitis and asthmatic patients.27,28 However, the effect of AIT on ILCs is controversial.29 AIT 
can reduce ILC2 levels in HDM AIT patients and grass pollen AIT patients.21,30 However, 
the number of ILC2s were not significantly different before or after 2 or 4 months of AIT 
between patient undergoing treatment and placebo groups in grass pollen allergy but slightly 
decreased out of the pollen season.22 No data on circulating ILC1s and ILC3s in HDM-specific 
immunotherapy study has previously been reported. This study aimed to evaluate the effect 
of AIT on ILC1s, ILC2s, and ILC3s by comparing them between healthy, AR without AIT, AR 
with responder and non-responder AIT. We also studied the activation of the ILC2s induced 
by allergen-specific re-stimulation.
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MATERIALS AND METHODS

Study population
The cross-sectional study recruited adult subjects from the Allergy Clinic, Phramongkutklao 
Hospital (Bangkok, Thailand). Healthy subjects were enrolled with no history of allergic disease 
and medication used. AR subjects with positive skin prick tests (wheal diameter ≥ 6 mm 
greater than a negative control) to the house dust mite Dermatophagoides pteronyssinus extract 
(Alk-Abello, Round Rock, TX, USA) were recruited in the study. AR subjects with mite-specific 
immunotherapy (Alk-Abello) over 2 years were enrolled in the study. A 30-week weekly dose 
escalation protocol was used with subcutaneous administration of standardized mite mixes, 
contain glycerin 50% v/v, phenol 0.4% (preservative), sodium chloride, sodium bicarbonate, 
D. pteronyssinus 5,000 allergy units/mL and Dermatophagoides farinae 5,000 allergy units/mL 
(Alk-Abello). The AIT subjects were treated with the maintenance dose that had been given at 
4-week intervals over 2 years of therapy. Allergy symptoms were recorded using the visual analog 
scale (VAS) of 100 mm range and the patients marked on a line the point they felt represented 
their perceptions of their current state. Medication score was scored on a scale of 0-5 (0, not at 
all; 1, occasionally seldom; 2, occasionally often; 3, almost daily; 4, continuously; 5, continuously 
with the maximal dose) that included oral anti-histamine, oral decongestant or nasal 
corticosteroid spray. Subjects who presented with no allergic symptoms (VAS, 0–10 mm) and 
discontinued medication (medication score, 0–1) were classified as clinical responders to AIT. 
Subjects who still had allergic symptoms (VAS, 60–100 mm) and could not reduce medication 
to control allergic symptoms (medication score, 3–5) were classified as clinical non-responders 
to AIT. The study was performed with the approval by the Royal Thai Army Medical Department 
Ethics Committee, IRBRTA 1494/2559 and with the patients' written informed consent.

Innate lymphoid cell detection by flow cytometry
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Biochrom, 
Berlin, Germany) density-gradient centrifugation of peripheral venous blood. PBMCs 
were stained with Fixable Viability Dye eFlour780 (eBiosciences, San Diego, CA, USA) 
according to the manufacturer's instructions. After the cells were washed with 500 µL of 
staining buffer (phosphate-buffered saline, 0.5% bovine serum albumin and 2 mmol/L 
ethylenediaminetetraacetic acid), cells were subsequently stained with antibodies against 
surface markers. In brief, FITC-lineage marker (CD1a, CD11c, CD34, CD94, CD123, CD303, 
FcεRIα, CD3, CD4, CD8a, CD14, CD16, and CD19), PE-dazzle 594-c-Kit, PerCP-CY5.5-CD161, 
PE-Cy7-CD127, CD69-AF700, and BV510-CD45 (all antibodies from Biolegend, San Diego, 
CA, USA) and AF647-CRTH2 (BD Biosciences, San Jose, CA, USA) were stained at room 
temperature for 15 minutes. Then, cells were washed 2 times with staining buffer. Cells were 
analyzed with a Galios (Beckman Coulter, Indianapolis, IN, USA). Flow cytometry data and 
dot plot graphs were analyzed with the FlowJo v10 software (FlowJo, Ashland, OR, USA).

Allergen-specific re-stimulation
For ILC2s activation, PBMCs were cultured with 1 µg/ml recombinant Der p 1 protein 
(Prospec, Rehovot, Israel),100 U/mL IL-2 (Sigma-Aldrich, St Louis, MO, USA) and 50 ng/ml 
IL-33 (Prepro Tech, Rocky Hill, NJ, USA) in complete RPMI medium 1640 supplement with 
L-Glutamine (cRPMI, ThermoFisher, Waltham, MS, USA), 10% fetal bovine serum 
(Sigma-Aldrich), and 1% PenStrep (Sigma-Aldrich). Cells were then cultured at 37°C in 
humidified atmosphere in 5% CO2 for 3 days. After that, cells were stained with Fixable 
Viability Dye eFlour780 and antibodies as previously described. Mean fluorescence intensity 
of activation marker (CD69 expression).
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Statistical analysis
All data are shown as mean ± standard deviation (SD) of the study groups. One-way analysis 
of variance and Tukey's multiple comparison tests were used to analyze for comparisons 
between the groups. Statistical analysis was performed with GraphPad Prism 7.0 Software 
(GraphPad Software, La Jolla, CA, USA). A P value of less than 0.05 was considered 
statistically significant.

RESULTS

Subject characteristics
Table details the proportion of male and female enrolled in the study, the mean age, the 
duration of AR, the frequency of co-morbid allergic diseases, the mean total immunoglobulin 
E (IgE) levels, the mean VAS and the mean medication score. PBMCs were obtained from 100 
adult subjects (28 healthy subjects, 35 AR patients, and 37 AIT patients). Of 37 patients with 
AIT, 26 were classified as clinical responders and 11 were classified as clinical non-responder 
to therapy according to VAS and medication score. There are an almost equal sex proportion 
and the mean age between the groups. We found that the mean total IgE levels were lower in 
the healthy group compared to AR patients. There was no significant difference in mean VAS 
and medication score between non-responder AIT and AR patients.

The frequency of circulating ILCs
The gating strategy of ILCs is shown in Fig. 1. ILCs were gated as CD45+Lin−CD127+CD161+. 
The expression of CRTH2 and c-Kit were used to identified ILC2 and ILC3 populations. ILC1s 
were identified as lack expression of CRTH2 and c-Kit. ILC3s NCR+ were characterized by the 
expression of the natural cytotoxic receptor NKp 44.

As for frequencies of ILC subsets in patients undergoing HDM immunotherapy, clinical 
responders showed a higher frequency ILC1s compared to non-responder patients (64.71% 
± 10.34% vs.46.53% ± 8.5%, P = 0005; Fig. 1A and B). In this study, we also found that 
frequency of ILC1s was higher in responder AIT patients than in healthy subjects and AR 
patients. Moreover, the healthy group showed significantly higher average frequency of ILC1s 
compared to AR patients (54.7% ± 13.23% vs.37.88% ± 13.65%, P < 0.0001; Fig. 2A and B).

ILC2s have recently emerged as play an important role in the development of allergic 
inflammation. In contrast to the results with ILC1s, subjects with AR which were not treated 
with AIT revealed significantly higher mean frequency of ILC2s (41.85% ± 13.8%) in their 
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Table. Baseline characteristics of subjects
Characteristics Healthy (n = 28) AR (n = 35) Non-responder AIT (n = 11) Responder AIT (n = 26)
Sex (female) 16 (57.1) 20 (57.1) 5 (45.4) 14 (53.8)
Age (yr) 42.8 ± 7.2 36.2 ± 9.5 35.2 ± 8.9 37.5 ± 5.9
Duration of disease (yr) 2.1 ± 1.4 5.2 ± 3.4 4.9 ± 2.5
Co-morbid disease

Asthma 3 (8.6) 2 (18.1) 3 (11.5)
Atopic dermatitis 1 (2.9) 2 (18.1) 2 (7.7)
Allergic conjunctivitis 8 (22.9) 4 (36.4) 5 (19.2)

Total IgE (kU/L) 67.8 ± 27.3 265.3 ± 138.4 312.5 ± 157.1 294.4 ± 164.7
VAS (mm) 0 ± 0 78.8 ± 14.6 72.3 ± 9.3 4.0 ± 4.2
Medication score 0 ± 0 3.8 ± 1.1 4.0 ± 0.8 0.5 ± 0.5
Values are presented as number of patients (%) or mean ± SD.
AR, allergic rhinitis; AIT, allergen immunotherapy; IgE, immunoglobulin E; VAS, visual analog scale; SD, standard deviation



peripheral blood than healthy subjects (22.08% ± 10.5%, P < 0.0001) and responder AIT 
patients (23.15% ± 8.54%, P < 0.0001; Fig. 2A and C). Notably, subjects who responded to 
AIT had a lower amount of ILC2s compared to non-responder AIT patients (39.12% ± 4.74%, 
P = 0.0006) and almost at the same level as healthy subjects (Fig. 2A and C). In addition, the 
mean frequency of ILC2s was higher in non-responder AIT patients than in healthy subjects, 
but nearly the same levels compared to AR patients without AIT (Fig. 2 A and C).

To fully characterize the frequency of ILC3s, we measured NCR+ and NCR− population and 
compared them between the groups. The frequencies of ILC3s NCR+ and NCR− were low 
in AIT (Fig. 3A). There was a statistically significant difference in the frequency of ILC3s 
NCR+ between patients who were responder AIT (1.51% ± 0.88%) compared to healthy 
subjects (3.59% ± 2.45%, P = 0.0009) and AR patients (3.27% ± 2.13%, P = 0.003), but no 
significant difference compared to non-responder AIT patients (2.31% ± 1.6%; Fig. 3B). 
However, the average frequency of ILC3 NCR+ in healthy subjects showed no significant 
difference compared to AR patients (Fig. 3B). Similarly, the results of ILC3s NCR− was 
significantly lower in the responder AIT patients (9.92% ± 8.43%) compared to healthy 
subjects (18.26% ± 8.42%, P = 0.002) and AR patients, (18.99% ± 9.05%, P = 0.0005), but 
there was no significant difference compared to non-responder AIT patients (2.31% ± 1.6%; 
Fig. 3C). The frequency of ILC3s NCR− was not statistically different between healthy subjects 
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and AR patients. We also analyzed the correlation between clinical severity scores and the 
frequencies of ILCs. The ILC1s levels showed a negative correlation with VAS (r = −0.68) 
and medication score (r = −0.65), while ILC2s, ILC3s NCR+ and ILC NCR− showed a positive 
correlation with VAS (r = 0.62, 0.36, and 0.45, respectively) and medication score (r = 0.56, 
0.35 and 0.31, respectively; Supplementary Fig. S1A and B).

The ILCs proportion was also investigated (Fig. 3D). The effect of AIT might shift the 
proportion of ILC2s to ILC1s in HDM AR patients. The responder AIT patients had higher 
ILC1 to ILC2 proportion compared to healthy subjects. Meanwhile, the non-responder AIT 
patients had a high ILC2 to ILC1 portion similar to AR patients without AIT. Therefore, our 
current results show that AIT affected the ILCs proportion in the peripheral blood of HDM 
AR patients.

AIT suppresses circulating ILC2s activation
The percentage of activated (CD69+) ILC subsets was investigated. At baseline without any 
stimulation, no significant difference was found in the frequency of activated ILC1s, ILC2s, 
ILC3s NCR+, and NCR− between the groups (Supplementary Fig. S2A-E). Next, we cultured 65 
PBMCs (20 healthy subjects, 20 AR patients, 9 non-responder AIT patients, and 16 responder 
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AIT patients) with recombinant Der p 1 protein, IL-33, and IL-2 to determine the responses of 
ILC2 activation with allergen specificity. We analyzed the mean fluorescence intensity (MFI) 
of CD69 expression on ILC2s at baseline compared to that after in vitro stimulation (Fig. 4A). 
Fold change of activated ILC2s was significantly higher in AR patients compared to healthy 

668https://e-aair.org https://doi.org/10.4168/aair.2018.10.6.662

Decreased CRTH2 on Innate Lymphoid Cells

AR Non-responder Responder

NKp44

c-
Ki

t

Healthy

18.63%

3.59%

17.99%

3.27%

11.46%

2.31%

9.92%

1.51%

103

101

102

100

0

103101 1021000 103101 1021000 103101 1021000 103101 1021000

103

101

102

100

0

103

101

102

100

0

103

101

102

100

0

A

C
Healthy AR Non-responder

AIT

ILCs proportion

Responder
AIT

0

1.0

0.6

0.2

0.8

0.4

ILC1
ILC2
ILC3 NCR+

ILC3 NCR−

†

*
†

*

0

20

10

30

50

40

%
/I

LC

ILC3 NCR+

(CD45+Lin−CD127−CD161+CRTH2−c-Kit+NKp44+)

ILC3 NCR−

(CD45+Lin−CD127−CD161+CRTH2−c-Kit+NKp44−)

BHealthy AR Non-responder
AIT

Responder
AIT

0

20

10

30

50

40
%

/I
LC

Healthy AR Non-responder
AIT

Responder
AIT

Fig. 3. ILC3s NCR+ and NCR− from the human peripheral blood. (A) Representative dot plots and mean of ILC3s NCR+ and NCR−. Frequency of ILC3s NCR+ (B) and 
NCR− (C) were expressed as percentages of the ILCs (mean ± SD) in healthy (n = 28), AR (AR, n = 35), non-responder AIT (n = 11) and responder AIT (n = 26). (D) 
Proportions of ILC subsets in each group. The data were analyzed by analysis of variance and Tukey's multiple comparison test. 
ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor; SD, standard deviation; AR, allergic rhinitis; AIT, allergen-specific immunotherapy. 
*P < 0.01, †P < 0.001.



subjects (P = 0.0003; Fig. 4B), which confirmed the response of ILC2s in allergic patients with 
allergen specificity. Interestingly, the response of activated ILC2s was also significantly lower 
in responder AIT patients compare to AR patients (P = 0.001; Fig. 4B). However, no difference 
was observed between responder and non-responder AIT patients in terms of fold change 
CD69 expression. The cytokine levels in the supernatants were measured, but no significant 
difference between the groups was observed (Supplementary Fig. S3). Therefore, our current 
results show that AIT suppressed circulating ILC2s activation in responder AIT patients.

DISCUSSION

The data reported here demonstrates that the frequencies of ILC1s and ILC2s are different 
between responder and non-responder AIT patients and also different between healthy 
subjects and AR patients without AIT. Moreover, we also show ILC3s NCR+ and NCR− are 
lower in responder AIT patients compared to healthy subjects and AR patients. Currently, 
ILC2s have been shown to play an important role in allergic diseases such as asthma, atopic 
dermatitis and chronic rhinosinusitis.31 The role of ILC2s in AR is still poorly understood. 
Increased epithelial pro-allergic cytokines (IL-25, IL-33, and TSLP) that affect activated 
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ILC2s were detected in nasal lavage in HDM AR patients.32,33 ILC2s alone without local Th2 
cells cannot mediate the symptoms of AR in a mouse model.34 ILC2s represent an abundant 
alternative source of Th2 cytokines and likely serve to increase and maintain local Th2-driven 
allergic inflammation.35 In HDM allergy study, circulating ILC2s levels were increased in AR 
patients and correlated with symptom severity.23 In the same study, they also found higher 
IL-5 and IL-13 levels that were produced by ILC2s in AR patients than in healthy control.23 To 
our knowledge, there have been no reports of ILC1s and ILC3s levels in HDM AR patients. In 
grass pollen allergy, the frequency of circulating IFN-γ+ILC1s was lower in AR patients than 
in non-allergic subjects, whereas the frequency of circulating ILC3s was not significantly 
different between AR and non-allergic subjects.22

AIT is effective in selected patients with AR, particularly in those with seasonal rhinitis and 
perennial allergy caused by house dust mites.35-37 The T cell mechanism for AIT induces 
immune tolerance by immune deviation to a competitive Th1 response through the induction 
of a suppressive regular T (Treg) cells response and through the induction of anergy or 
deletion of Th2 cells.38,39 Antigen-presenting cells (APCs) present antigens to IL-12-induced, 
IFN-γ-producing Th1 cells and inhibit the differentiation of Th2 cells.40 An increase in Treg 
cells leads to a dose-dependent decrease in cytokine production by ILC2s.41 Moreover, an 
in vitro study showed that recombinant TGF-β or IL-10 suppressed both human and murine 
ILC2s.42 In addition, human inducible Treg cells suppress syngeneic human ILC2s through 
the ICOSL to control airway inflammation in a humanized ILC2 mouse model.42

ILC2 is functionally plastic.43 Especially, the IL-12/IL12R-signaling axis is shown to skew 
human IL-13-expressing ILC2s to IFN-γ and T-bet expressing ILC2s.44 Moreover, IL-4 could 
reverse IL-12-induced skewing of ILC1s to ILC2s.14,44 This might be a possible mechanism 
that explains who is a responder AIT with shifted circulating IL-4-producing Th2 cells to 
IFN-γ-producing Th1 cells related to shifted circulating ILC2s to ILC1s. Our results show 
similarities with the previous HDM immunotherapy in AR patients study, the levels of ILC2s 
in the peripheral blood of immunotherapy group were significantly reduced compared to the 
untreated group, but were not significantly different from healthy controls.30 AIT significantly 
inhibits Th17-mediated inflammation in HDM AR patients.45 However, no apparent evidence 
of the correlation between ILC3s and AIT was reported. In the mouse model, IL-10-secreting 
regulatory ILCs suppress the activation of ILC3s.46 As for Th-cell commitment, cytokine-
mediated conditioning as well as epigenetic and transcriptional regulation may account for 
changes in ILC subset-determining transcription factors and cytokines.47 This might also 
explain our results that show a decrease in the frequency of ILC3s in responder AIT patients.

In our study, responder AIT patients showed a lower response of activated ILC2 after stimulated 
with allergen-specific than AR patients. We used recombinant Der p 1, IL-33, and IL-2 to 
measure activated ILC2s responses with allergen specificity. ILCs do not express antigen 
receptors, but they can be activated by several factors.31 We found that only recombinant Der p 
1 did not show strong stimulation to ILC2s in an in vitro study (data not shown). IL-33 is used 
to activate ILC2s.48 IL-33 is present in epithelial cells, endothelial cells and macrophages that 
bind to ST2 receptor on ILC2s and induce IL-13 production.43 IL-2 is essential for immature 
and mature T cell survival.49 IL-2 can also activate ILC2 and enhance IL-10-producing ILC2s.31,50 
Besides cytokines, lipid mediators are also able to stimulate ILC2 function.46 In our pilot study, 
we used 1 µM PGD2 to activate ILC2s, but we did not find any difference in CD69 expression 
after stimulation between healthy subjects and allergic patients (data not shown). As shown in 
this study, a combination of IL-33 and allergen-specific protein can stimulate activated ILC2s 
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and then show a discriminatory effect between healthy subjects and allergic patients. However, 
we failed to demonstrate that this method can be used to differentiate between responders and 
non-responders to AIT therapy.

Because our study was a cross-sectional study, our results were not longitudinal to monitor 
the frequency of ILCs compared from baseline to a few years after AIT. We could not conclude 
that AIT could modulate circulating ILC blood frequencies during the course of the therapy. 
Additionally, we did not measure either the cytokine producing-ILCs, transcription factors 
used to identify ILC subsets, or levels of Th2 cytokines in serum. In our next study, we will 
attempt to demonstrate the dynamic change in the frequencies of ILC subsets during AIT.

In conclusion, our study presented evidence that increased circulating ILC2s are involved in 
AR pathological mechanism. The ILC2 response was reduced in AR patients undergoing AIT. 
AIT might be affected by the ILC populations by skewed ILC2s to ILC1s and decreased ILC3s. 
The responder AIT patients and healthy controls show a similar ILC2: ILC1 proportion. The 
clinical relevance of ILC2s and AR suggest that ILC2s can be a potential biomarker for the 
therapeutic effect of AIT in AR patients.

ACKNOWLEDGMENTS

This study was supported by Phramongkutklao Hospital and Phramongkutklao College of 
Medicine. We thank Mrs. Jitta Tubkate for helping taken blood from the subjects. We thank 
Dr. David Groeger for proofreading our manuscript.

SUPPLEMENTARY MATERIALS

Supplementary Fig. S1
Correlation between clinical symptom scores and the frequencies of ILCs.

Click here to view

Supplementary Fig. S2
The frequencies of activated (CD69+) ILCs at baseline.

Click here to view

Supplementary Fig. S3
Cytokines levels in the culture supernatant.

Click here to view

REFERENCES

 1. Morita H, Moro K, Koyasu S. Innate lymphoid cells in allergic and nonallergic inflammation. J Allergy 
Clin Immunol 2016;138:1253-64. 
PUBMED | CROSSREF

671https://e-aair.org https://doi.org/10.4168/aair.2018.10.6.662

Decreased CRTH2 on Innate Lymphoid Cells

http://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2018.10.6.662&fn=aair-10-662-s001.ppt
http://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2018.10.6.662&fn=aair-10-662-s002.ppt
http://e-aair.org/DownloadSupplMaterial.php?id=10.4168/aair.2018.10.6.662&fn=aair-10-662-s003.ppt
http://www.ncbi.nlm.nih.gov/pubmed/27817797
https://doi.org/10.1016/j.jaci.2016.09.011


 2. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate lymphoid cells--a proposal 
for uniform nomenclature. Nat Rev Immunol 2013;13:145-9. 
PUBMED | CROSSREF

 3. Bernink JH, Peters CP, Munneke M, te Velde AA, Meijer SL, Weijer K, et al. Human type 1 innate lymphoid 
cells accumulate in inflamed mucosal tissues. Nat Immunol 2013;14:221-9. 
PUBMED | CROSSREF

 4. Fuchs A, Vermi W, Lee JS, Lonardi S, Gilfillan S, Newberry RD, et al. Intraepithelial type 1 innate 
lymphoid cells are a unique subset of IL-12- and IL-15-responsive IFN-γ-producing cells. Immunity 
2013;38:769-81. 
PUBMED | CROSSREF

 5. Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate production of TH2 
cytokines by adipose tissue-associated c-Kit+Sca-1+ lymphoid cells. Nature 2010;463:540-4. 
PUBMED | CROSSREF

 6. Mjösberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, et al. Human IL-25- and IL-33-
responsive type 2 innate lymphoid cells are defined by expression of CRTH2 and CD161. Nat Immunol 
2011;12:1055-62. 
PUBMED | CROSSREF

 7. Price AE, Liang HE, Sullivan BM, Reinhardt RL, Eisley CJ, Erle DJ, et al. Systemically dispersed innate IL-
13-expressing cells in type 2 immunity. Proc Natl Acad Sci U S A 2010;107:11489-94. 
PUBMED | CROSSREF

 8. Mjösberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B, et al. The transcription factor GATA3 is 
essential for the function of human type 2 innate lymphoid cells. Immunity 2012;37:649-59. 
PUBMED | CROSSREF

 9. Pelly VS, Kannan Y, Coomes SM, Entwistle LJ, Rückerl D, Seddon B, et al. IL-4-producing ILC2s are 
required for the differentiation of TH2 cells following Heligmosomoides polygyrus infection. Mucosal 
Immunol 2016;9:1407-17. 
PUBMED | CROSSREF

 10. Melo-Gonzalez F, Hepworth MR. Functional and phenotypic heterogeneity of group 3 innate lymphoid 
cells. Immunology 2017;150:265-75. 
PUBMED | CROSSREF

 11. Bartemes KR, Kephart GM, Fox SJ, Kita H. Enhanced innate type 2 immune response in peripheral blood 
from patients with asthma. J Allergy Clin Immunol 2014;134:671-678.e4. 
PUBMED | CROSSREF

 12. Liu T, Wu J, Zhao J, Wang J, Zhang Y, Liu L, et al. Type 2 innate lymphoid cells: a novel biomarker of 
eosinophilic airway inflammation in patients with mild to moderate asthma. Respir Med 2015;109:1391-6. 
PUBMED | CROSSREF

 13. Smith SG, Chen R, Kjarsgaard M, Huang C, Oliveria JP, O'Byrne PM, et al. Increased numbers of activated 
group 2 innate lymphoid cells in the airways of patients with severe asthma and persistent airway 
eosinophilia. J Allergy Clin Immunol 2016;137:75-86.e8. 
PUBMED | CROSSREF

 14. Nagakumar P, Denney L, Fleming L, Bush A, Lloyd CM, Saglani S. Type 2 innate lymphoid cells in induced 
sputum from children with severe asthma. J Allergy Clin Immunol 2016;137:624-626.e6. 
PUBMED | CROSSREF

 15. Morita H, Arae K, Unno H, Miyauchi K, Toyama S, Nambu A, et al. An interleukin-33-mast cell-
interleukin-2 axis suppresses papain-induced allergic inflammation by promoting regulatory T cell 
numbers. Immunity 2015;43:175-86. 
PUBMED | CROSSREF

 16. Halim TY, Krauss RH, Sun AC, Takei F. Lung natural helper cells are a critical source of Th2 cell-type 
cytokines in protease allergen-induced airway inflammation. Immunity 2012;36:451-63. 
PUBMED | CROSSREF

 17. Bartemes KR, Iijima K, Kobayashi T, Kephart GM, McKenzie AN, Kita H. IL-33-responsive lineage−

CD25+CD44hi lymphoid cells mediate innate type 2 immunity and allergic inflammation in the lungs. J 
Immunol 2012;188:1503-13. 
PUBMED | CROSSREF

 18. Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE, et al. Innate lymphoid cells 
mediate influenza-induced airway hyper-reactivity independently of adaptive immunity. Nat Immunol 
2011;12:631-8. 
PUBMED | CROSSREF

672https://e-aair.org https://doi.org/10.4168/aair.2018.10.6.662

Decreased CRTH2 on Innate Lymphoid Cells

http://www.ncbi.nlm.nih.gov/pubmed/23348417
https://doi.org/10.1038/nri3365
http://www.ncbi.nlm.nih.gov/pubmed/23334791
https://doi.org/10.1038/ni.2534
http://www.ncbi.nlm.nih.gov/pubmed/23453631
https://doi.org/10.1016/j.immuni.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20023630
https://doi.org/10.1038/nature08636
http://www.ncbi.nlm.nih.gov/pubmed/21909091
https://doi.org/10.1038/ni.2104
http://www.ncbi.nlm.nih.gov/pubmed/20534524
https://doi.org/10.1073/pnas.1003988107
http://www.ncbi.nlm.nih.gov/pubmed/23063330
https://doi.org/10.1016/j.immuni.2012.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26883724
https://doi.org/10.1038/mi.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/27935637
https://doi.org/10.1111/imm.12697
http://www.ncbi.nlm.nih.gov/pubmed/25171868
https://doi.org/10.1016/j.jaci.2014.06.024
http://www.ncbi.nlm.nih.gov/pubmed/26459159
https://doi.org/10.1016/j.rmed.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26194544
https://doi.org/10.1016/j.jaci.2015.05.037
http://www.ncbi.nlm.nih.gov/pubmed/26277593
https://doi.org/10.1016/j.jaci.2015.06.038
http://www.ncbi.nlm.nih.gov/pubmed/26200013
https://doi.org/10.1016/j.immuni.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/22425247
https://doi.org/10.1016/j.immuni.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22198948
https://doi.org/10.4049/jimmunol.1102832
http://www.ncbi.nlm.nih.gov/pubmed/21623379
https://doi.org/10.1038/ni.2045


 19. Kim DW, Cho SH. Emerging endotypes of chronic rhinosinusitis and its application to precision 
medicine. Allergy Asthma Immunol Res 2017;9:299-306. 
PUBMED | CROSSREF

 20. Doherty TA, Scott D, Walford HH, Khorram N, Lund S, Baum R, et al. Allergen challenge in allergic 
rhinitis rapidly induces increased peripheral blood type 2 innate lymphoid cells that express CD84. J 
Allergy Clin Immunol 2014;133:1203-1205.e7. 
PUBMED | CROSSREF

 21. Lao-Araya M, Steveling E, Scadding GW, Durham SR, Shamji MH. Seasonal increases in peripheral innate 
lymphoid type 2 cells are inhibited by subcutaneous grass pollen immunotherapy. J Allergy Clin Immunol 
2014;134:1193-1195.e4. 
PUBMED | CROSSREF

 22. Lombardi V, Beuraud C, Neukirch C, Moussu H, Morizur L, Horiot S, et al. Circulating innate lymphoid 
cells are differentially regulated in allergic and nonallergic subjects. J Allergy Clin Immunol 2016;138:305-8. 
PUBMED | CROSSREF

 23. Zhong H, Fan XL, Yu QN, Qin ZL, Chen D, Xu R, et al. Increased innate type 2 immune response in house 
dust mite-allergic patients with allergic rhinitis. Clin Immunol 2017;183:293-9. 
PUBMED | CROSSREF

 24. Fan D, Wang X, Wang M, Wang Y, Zhang L, Li Y, et al. Allergen-dependent differences in ILC2s 
frequencies in patients with allergic rhinitis. Allergy Asthma Immunol Res 2016;8:216-22. 
PUBMED | CROSSREF

 25. Caraballo L, Zakzuk J, Lee BW, Acevedo N, Soh JY, Sánchez-Borges M, et al. Particularities of allergy in the 
Tropics. World Allergy Organ J 2016;9:20. 
PUBMED | CROSSREF

 26. Tham EH, Lee AJ, Bever HV. Aeroallergen sensitization and allergic disease phenotypes in Asia. Asian Pac 
J Allergy Immunol 2016;34:181-9. 
PUBMED | CROSSREF

 27. Wise SK, Lin SY, Toskala E, Orlandi RR, Akdis CA, Alt JA, et al. International consensus statement on 
allergy and rhinology: allergic rhinitis. Int Forum Allergy Rhinol 2018;8:108-352. 
PUBMED | CROSSREF

 28. Calderón MA, Bousquet J, Canonica GW, Cardell LO, Fernandez de Rojas DH, Kleine-Tebbe J, et al. 
Guideline recommendations on the use of allergen immunotherapy in house dust mite allergy: Time for a 
change? J Allergy Clin Immunol 2017;140:41-52. 
PUBMED | CROSSREF

 29. Jutel M, Kosowska A, Smolinska S. Allergen immunotherapy: past, present, and future. Allergy Asthma 
Immunol Res 2016;8:191-7. 
PUBMED | CROSSREF

 30. Fan DC, Wang XD, Wang CS, Wang Y, Cao FF, Zhang L. Suppression of Immunotherapy on group 2 innate 
lymphoid cells in allergic rhinitis. Chin Med J (Engl) 2016;129:2824-8. 
PUBMED | CROSSREF

 31. Cosmi L, Liotta F, Maggi L, Annunziato F. Role of type 2 innate lymphoid cells in allergic diseases. Curr 
Allergy Asthma Rep 2017;17:66. 
PUBMED | CROSSREF

 32. Xu G, Zhang L, Wang DY, Xu R, Liu Z, Han DM, et al. Opposing roles of IL-17A and IL-25 in the regulation 
of TSLP production in human nasal epithelial cells. Allergy 2010;65:581-9. 
PUBMED | CROSSREF

 33. Asaka D, Yoshikawa M, Nakayama T, Yoshimura T, Moriyama H, Otori N. Elevated levels of interleukin-33 
in the nasal secretions of patients with allergic rhinitis. Int Arch Allergy Immunol 2012;158 Suppl 1:47-50. 
PUBMED | CROSSREF

 34. Kato Y, Akasaki S, Muto-Haenuki Y, Fujieda S, Matsushita K, Yoshimoto T. Nasal sensitization with 
ragweed pollen induces local-allergic-rhinitis-like symptoms in mice. PLoS One 2014;9:e103540. 
PUBMED | CROSSREF

 35. Sohn MH. Efficacy and safety of subcutaneous allergen immunotherapy for allergic rhinitis. Allergy 
Asthma Immunol Res 2018;10:1-3. 
PUBMED | CROSSREF

 36. Park KH, Son M, Choi SY, Park HJ, Lee JH, Jeong KY, et al. Erratum: In vitro evaluation of allergen 
potencies of commercial house dust mite sublingual immunotherapy reagents. Allergy Asthma Immunol 
Res 2017;9:187. 
PUBMED | CROSSREF

673https://e-aair.org https://doi.org/10.4168/aair.2018.10.6.662

Decreased CRTH2 on Innate Lymphoid Cells

http://www.ncbi.nlm.nih.gov/pubmed/28497916
https://doi.org/10.4168/aair.2017.9.4.299
http://www.ncbi.nlm.nih.gov/pubmed/24582313
https://doi.org/10.1016/j.jaci.2013.12.1086
http://www.ncbi.nlm.nih.gov/pubmed/25212194
https://doi.org/10.1016/j.jaci.2014.07.029
http://www.ncbi.nlm.nih.gov/pubmed/26949057
https://doi.org/10.1016/j.jaci.2015.12.1325
http://www.ncbi.nlm.nih.gov/pubmed/28917723
https://doi.org/10.1016/j.clim.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26922931
https://doi.org/10.4168/aair.2016.8.3.216
http://www.ncbi.nlm.nih.gov/pubmed/27386040
https://doi.org/10.1186/s40413-016-0110-7
http://www.ncbi.nlm.nih.gov/pubmed/27543739
https://doi.org/10.12932/AP0770
http://www.ncbi.nlm.nih.gov/pubmed/29438602
https://doi.org/10.1002/alr.22073
http://www.ncbi.nlm.nih.gov/pubmed/28526624
https://doi.org/10.1016/j.jaci.2017.01.049
http://www.ncbi.nlm.nih.gov/pubmed/26922928
https://doi.org/10.4168/aair.2016.8.3.191
http://www.ncbi.nlm.nih.gov/pubmed/27900996
https://doi.org/10.4103/0366-6999.194642
http://www.ncbi.nlm.nih.gov/pubmed/28895020
https://doi.org/10.1007/s11882-017-0735-9
http://www.ncbi.nlm.nih.gov/pubmed/19968632
https://doi.org/10.1111/j.1398-9995.2009.02252.x
http://www.ncbi.nlm.nih.gov/pubmed/22627366
https://doi.org/10.1159/000337764
http://www.ncbi.nlm.nih.gov/pubmed/25119881
https://doi.org/10.1371/journal.pone.0103540
http://www.ncbi.nlm.nih.gov/pubmed/29178670
https://doi.org/10.4168/aair.2018.10.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28102066
https://doi.org/10.4168/aair.2017.9.2.187


 37. Lee JH, Kim SC, Choi H, Jung CG, Ban GY, Shin YS, et al. A retrospective study of clinical response 
predictors in subcutaneous allergen immunotherapy with house dust mites for allergic rhinitis. Allergy 
Asthma Immunol Res 2018;10:18-24. 
PUBMED | CROSSREF

 38. Smarr CB, Bryce PJ, Miller SD. Antigen-specific tolerance in immunotherapy of Th2-associated allergic 
diseases. Crit Rev Immunol 2013;33:389-414. 
PUBMED | CROSSREF

 39. Wawrzyniak M, O'Mahony L, Akdis M. Role of regulatory cells in oral tolerance. Allergy Asthma Immunol 
Res 2017;9:107-15. 
PUBMED | CROSSREF

 40. Kuipers H, Heirman C, Hijdra D, Muskens F, Willart M, van Meirvenne S, et al. Dendritic cells retrovirally 
overexpressing IL-12 induce strong Th1 responses to inhaled antigen in the lung but fail to revert 
established Th2 sensitization. J Leukoc Biol 2004;76:1028-38. 
PUBMED | CROSSREF

 41. Krishnamoorthy N, Burkett PR, Dalli J, Abdulnour RE, Colas R, Ramon S, et al. Cutting edge: maresin-1 
engages regulatory T cells to limit type 2 innate lymphoid cell activation and promote resolution of lung 
inflammation. J Immunol 2015;194:863-7. 
PUBMED | CROSSREF

 42. Rigas D, Lewis G, Aron JL, Wang B, Banie H, Sankaranarayanan I, et al. Type 2 innate lymphoid 
cell suppression by regulatory T cells attenuates airway hyperreactivity and requires inducible T-cell 
costimulator-inducible T-cell costimulator ligand interaction. J Allergy Clin Immunol 2017;139:1468-1477.e2. 
PUBMED | CROSSREF

 43. Doherty TA, Broide DH. Group 2 innate lymphoid cells: new players in human allergic diseases. J Investig 
Allergol Clin Immunol 2015;25:1-11.
PUBMED

 44. Bal SM, Bernink JH, Nagasawa M, Groot J, Shikhagaie MM, Golebski K, et al. IL-1β, IL-4 and IL-12 control 
the fate of group 2 innate lymphoid cells in human airway inflammation in the lungs. Nat Immunol 
2016;17:636-45. 
PUBMED | CROSSREF

 45. Li CW, Lu HG, Chen DH, Lin ZB, Wang DY, Li TY. In vivo and in vitro studies of Th17 response to specific 
immunotherapy in house dust mite-induced allergic rhinitis patients. PLoS One 2014;9:e91950. 
PUBMED | CROSSREF

 46. Gueguen C, Bouley J, Moussu H, Luce S, Duchateau M, Chamot-Rooke J, et al. Changes in markers 
associated with dendritic cells driving the differentiation of either TH2 cells or regulatory T cells correlate 
with clinical benefit during allergen immunotherapy. J Allergy Clin Immunol 2016;137:545-58. 
PUBMED | CROSSREF

 47. von Burg N, Turchinovich G, Finke D. Maintenance of immune homeostasis through ILC/T cell 
interactions. Front Immunol 2015;6:416. 
PUBMED | CROSSREF

 48. Sugita K, Steer CA, Martinez-Gonzalez I, Altunbulakli C, Morita H, Castro-Giner F, et al. Type 2 innate 
lymphoid cells disrupt bronchial epithelial barrier integrity by targeting tight junctions through IL-13 in 
asthmatic patients. J Allergy Clin Immunol 2018;141:300-310.e11. 
PUBMED | CROSSREF

 49. Kelly E, Won A, Refaeli Y, Van Parijs L. IL-2 and related cytokines can promote T cell survival by activating 
AKT. J Immunol 2002;168:597-603. 
PUBMED | CROSSREF

 50. Seehus CR, Kadavallore A, Torre B, Yeckes AR, Wang Y, Tang J, et al. Alternative activation generates IL-10 
producing type 2 innate lymphoid cells. Nat Commun 2017;8:1900. 
PUBMED | CROSSREF

674https://e-aair.org https://doi.org/10.4168/aair.2018.10.6.662

Decreased CRTH2 on Innate Lymphoid Cells

http://www.ncbi.nlm.nih.gov/pubmed/29178674
https://doi.org/10.4168/aair.2018.10.1.18
http://www.ncbi.nlm.nih.gov/pubmed/24099300
https://doi.org/10.1615/CritRevImmunol.2013007046
http://www.ncbi.nlm.nih.gov/pubmed/28102055
https://doi.org/10.4168/aair.2017.9.2.107
http://www.ncbi.nlm.nih.gov/pubmed/15316032
https://doi.org/10.1189/jlb.0604325
http://www.ncbi.nlm.nih.gov/pubmed/25539814
https://doi.org/10.4049/jimmunol.1402534
http://www.ncbi.nlm.nih.gov/pubmed/27717665
https://doi.org/10.1016/j.jaci.2016.08.034
http://www.ncbi.nlm.nih.gov/pubmed/25898689
http://www.ncbi.nlm.nih.gov/pubmed/27111145
https://doi.org/10.1038/ni.3444
http://www.ncbi.nlm.nih.gov/pubmed/24647473
https://doi.org/10.1371/journal.pone.0091950
http://www.ncbi.nlm.nih.gov/pubmed/26522402
https://doi.org/10.1016/j.jaci.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26322047
https://doi.org/10.3389/fimmu.2015.00416
http://www.ncbi.nlm.nih.gov/pubmed/28392332
https://doi.org/10.1016/j.jaci.2017.02.038
http://www.ncbi.nlm.nih.gov/pubmed/11777951
https://doi.org/10.4049/jimmunol.168.2.597
http://www.ncbi.nlm.nih.gov/pubmed/29196657
https://doi.org/10.1038/s41467-017-02023-z

	Decreased CRTH2 Expression and Response to Allergen Re-stimulation on Innate Lymphoid Cells in Patients With Allergen-Specific Immunotherapy
	INTRODUCTION
	MATERIALS AND METHODS
	Innate lymphoid cell detection by flow cytometry
	Allergen-specific re-stimulation
	Statistical analysis

	RESULTS
	The frequency of circulating ILCs
	AIT suppresses circulating ILC2s activation

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Fig. S1
	Supplementary Fig. S2
	Supplementary Fig. S3

	REFERENCES


