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Upregulation of IL-4 receptor signaling pathway
in circulating ILC2s from asthma patients
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Background: Group 2 innate lymphoid cells (ILC2s) produce
type 2 cytokines by stimulation with epithelial cell–derived
cytokines and are implicated in the pathogenesis of various
allergic diseases, including asthma. However, differences in the
molecular characteristics of ILC2s between patients with
asthma and healthy subjects remain unclear.
Objective: We sought to evaluate differences in cytokine
production capacity and gene expression profile of ILC2s in the
peripheral blood of patients with asthma and healthy subjects.
Methods: We evaluated ILC2s derived from 15 patients with
asthma and 7 healthy subjects using flow cytometry, live-cell
imaging of secretion activity analysis, and RNA-sequencing.
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Results: ILC2s were sorted as CD451Lineage2CRTH21

CD1271CD1611 cells from the peripheral blood of patients with
asthma and healthy subjects, and the number of ILC2s was
decreased in patients with asthma (851 6 1134 vs 2679 6 3009
cells/20 mL blood; P 5 .0066). However, patient-derived ILC2s
were activated to produce more IL-5 and IL-13 in response to
stimulation with IL-2, IL-33, and thymic stromal lymphopoietin
compared with healthy subject–derived ILC2s (P 5 .0032 and
P5 .0085, respectively). Furthermore, RNA-sequencing analysis
revealed that patient-derived ILC2s had different gene
expression profiles, such as increased expression in cell growth–
related genes (CDKN1b, CCNG2, CCND2, CCN1), prostaglandin
E receptor (PTGER2), and IL-4 receptor. In addition, a gene set
of the IL-4 receptor signaling pathway was significantly
upregulated in ILC2s in patients with asthma (P 5 .042).
Conclusions: Our results suggest that circulating ILC2s inpatients
with asthma are preactivated via the IL-4 receptor signaling
pathway and produce IL-5 and IL-13 vigorously by stimulation. (J
Allergy Clin Immunol Global 2022;1:299-304.)

Key words: Asthma, live cell imaging, biomarker, group 2 innate
lymphoid cells

INTRODUCTION
The pathophysiology of asthma is characterized by chronic

airway inflammation and variable airflow limitation, and various
lymphoid cells, such as TH2 cells, group 2 innate lymphoid cells
(ILC2s), and TH17 cells, are involved in the inflammation. Among
them, ILC2s are directly activated by epithelial cell–derived cyto-
kines, such as IL-33, IL-25, and thymic stromal lymphopoietin
(TSLP), and produce large amounts of IL-5 and IL-13, which
induce eosinophilic inflammation.1 Recent studies in humans
and mice have shown that ILC2s are also associated with severe
asthma by their capacity to become resistant to corticosteroids
through TSLP and signal transducer and activator of transcription
5.2-4 Therefore, analyzing ILC2s in patients with asthma not only
indicates the presence of an ILC2-mediated inflammation butmay
also serve as a biomarker for asthma severity and steroid resis-
tance, which may be useful for personalized medicine.

Several research groups have assessed ILC2s in the peripheral
blood of patients with asthma. However, the number of ILC2s is
very low in the peripheral blood, ranging from 50 to 500 cells/mL,
and there were conflicting results regarding whether or not the
number of ILC2s was increased in the peripheral blood of patients
with asthma.5-10 Furthermore, the rarity of ILC2smakes it difficult
to analyze cytokine production or gene expression profiles using
conventional methods, such as ELISA and PCR. We previously
299
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Abbreviations used

ILC2: Group 2 innate lymphoid cell

LCI-S: Live-cell imaging of secretion activity

RNA-seq: RNA-sequencing

TSLP: Thymic stromal lymphopoietin
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developed the live-cell imaging of secretion activity (LCI-S) anal-
ysis system.11,12 This system is a microscope-based assay
combining fluorescence immunoassay and near-field illumination
by total internal reflection fluorescence microscopy,13 which is
dedicated to the analysis of small numbers of cells, because cyto-
kine production can be assessed at the single-cell level. Here, we
applied this analysis system to evaluate the characteristics of
ILC2s in the peripheral blood of patients with asthma and healthy
subjects, revealing the distinct properties of circulating ILC2s in
patients with asthma.
RESULTS AND DISCUSSION
To analyze the molecular characteristics of ILC2s, we used the

LCI-S assay system combined with RNA-sequencing (RNA-seq)
analysis11,12 (Fig 1). Briefly, PBMCswere separated from20mLof
peripheral blood, and ILC2s were sorted as
CD451Lineage2CRTH21CD1271CD1611 cells by flow cytome-
try (see Fig E1 in this article’s Online Repository at www.jaci-
FIG 1. Cell analysis workflow. A, PBMCs were separate

sorted using a cell sorter. Sorted ILC2s were placed on

RNA-seq analysis were performed separately.
global.org). ILC2s were then placed on a nanoliter-well array
chip consisting of 996 cubic wells with 80 mm per side. In each
well of the chip, the capture antibodieswerefixedon thebottomsur-
face, and when cytokines were produced from ILC2s, they were
fixed on the bottom and sandwiched by the fluorescence detection
antibodies in themedium (see Fig E2 in this article’s OnlineRepos-
itory at www.jaci-global.org). The immunocomplexes on the bot-
tom were illuminated by evanescent field excitation using total
internal reflection fluorescencemicroscopy, resulting in continuous
monitoring of the secretion activity of each cell (Fig E2). We stim-
ulated ILC2susing IL-21 IL-331TSLPandassessed IL-5 and IL-
13 production for 48 hours. In addition, some ILC2s were collected
individually from the nanoliter-well array chip with a dedicated
capillary pipette before stimulation, and single-cell RNA-seq anal-
ysis was performed using SMART-Seq (Fig 1).

We analyzed ILC2s in the peripheral blood of 15 patients
with asthma compared with that of 7 healthy subjects (Table I).
The patients with moderate to severe asthma who were treated
with inhaled corticosteroids and other controllers (Global
INitiative for Asthma treatment step 4 or 5) were enrolled,
but patients receiving biologics or systemic corticosteroids
were excluded. The phenotypes of the patients were diverse;
40% (6 patients) were eosinophil predominant (>_300 cells/
mL), 27% (4 patients) had elevated fractional exhaled nitric
oxide (>_30 ppb), and 47% (7 patients) were atopic. The abso-
lute number of ILC2s was significantly reduced in patients
with asthma compared with that in healthy subjects (851 6
1134 vs 2679 6 3009 cells/mL; P 5 .0066; Fig 2, A and B)
although the decrease in the proportion (ILC2s/PBMC) was
d from 20 mL of peripheral blood. ILC2s were then

a nanoliter-well array chip, and LCI-S analysis and
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TABLE I. Characteristics of patients with asthma and healthy subjects in this study

Characteristic Healthy subjects (n 5 7) Patients with asthma (n 5 15) P value

Demographic data

Age (y), mean 6 SD 47.1 6 11.1 61.3 6 16.6 NS*

Sex: female/male, n (%) 4 (57.1)/3 (42.9) 8 (53.3)/7 (46.7) NS�
Body mass index, mean 6 SD 22.2 6 2.7 24.6 6 5.7 NS*

Smoking history, n (%) 2 (28.5) 4 (26.7) NS�
Comorbidities, n (%)

Atopic dermatitis 0 (0) 3 (20) NS�
Allergic rhinitis 1 (14.3) 2 (13.3) NS�

Laboratory data

Eosinophils (/mL), mean 6 SD NA 357.8 6 309

Total IgE (IU/mL), mean 6 SD 62.7 6 28.2 681.2 6 1569 NS*

FEV1 (%predicted), mean 6 SD NA 78.1 6 27.6

FEV1/FVC (%), mean 6 SD NA 67.5 6 18.2

FENO (ppb), mean 6 SD NA 21.9 6 12.7

Treatment

ICS, n (%) 15 (100)

Daily dose of ICS (mg/d), mean 6 SD 822 6 262

LABA, n (%) 15 (100)

LAMA, n (%) 3 (20)

LTRA, n (%) 15 (100)

GINA step 4/5, n (%) 1 (6.7)/14 (93.3)

FENO, fractional exhaled nitric oxide; FVC, forced vital capacity; GINA, Global INitiative for Asthma; ICS, inhaled corticosteroid; LABA, long-acting b-agonist

LAMA, long-acting muscarinic antagonist; LTRA, leukotriene receptor antagonist; NA, not applicable/available; NS, not significant; ppb, parts per billion.

*Mann-Whitney U test.

�Fisher exact test.

FIG 2. Differences inproportion andnumber of ILC2s.A,Proportionof ILC2s/PBMCs.B,Numberof ILC2s in20

mL of peripheral blood.C andD,Correlation between number of ILC2swith number of eosinophils in periph-

eral blood (Fig 2,C) and FENO (Fig 2,D). FENO, Fractional exhaled nitric oxide; ns, not significant; ppb, parts per
billion. Mean 6 SEM. Mann-Whitney U test (Fig 2, A and B) and simple linear regression test (C and D).
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not statistically significant. It has been reported that allergen
exposure and viral infection decreased ILC2 numbers in the
peripheral blood and increased them in the lungs,14,15 and
that the number of ILC2s did not correlate with the severity
of asthma.5 Indeed, previous studies on the proportion or num-
ber of ILC2s in the peripheral blood of patients with asthma



FIG 3. LCI-S analysis of ILC2s. A and B, Representative data of a single well (Fig 3, A) and overview (Fig 3, B)
of nanoliter chip during LCI-S analysis. ILC2s produced IL-5 and IL-13 under the stimulation of IL-21 IL-331
TSLP. C, Cumulative data of the percentages of wells containing ILC2s producing IL-5 or IL-13 above quan-

tification limits (>10s). DIA, Diascopic illumination. Mean 6 SEM. Two-way repeated-measure ANOVA.
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have shown conflicting results.5-10 We further analyzed the
relationship between the number of ILC2s and eosinophil
counts or fractional exhaled nitric oxide levels, but found no
correlation (Fig 2, C and D). Thus, these data suggest that
the proportion or number of ILC2s in the peripheral blood is
not a useful biomarker for asthma pathogenesis.

Next, we performed LCI-S analysis to evaluate the differences
in cytokine production capacity of ILC2s. In a nanoliter-well
array chip, a deep learning algorithm was used to detect wells
containing ILC2s,16 and the fluorescence intensity of each well
was measured. Upon IL-2 1 IL-33 1 TSLP stimulation, ILC2s
moved around in the wells and gradually produced IL-5 and IL-
13 (see Movie E1 in this article’s Online Repository at www.
jaci-global.org; Fig 3, A). The number of wells containing IL-
5– or IL-13–producing ILC2s increased over time and was higher
in patients with asthma (see Movie E2 in this article’s Online
Repository at www.jaci-global.org; Fig 3, B). When we calcu-
lated the percentage of wells containing ILC2s that produced
IL-5 or IL-13 above the levels of the detection limit, both were
significantly higher in patients with asthma than in healthy sub-
jects (P5 .0032 and P5 .0085, respectively; Fig 3,C), indicating
that ILC2s in the peripheral blood of patients with asthma pro-
duced more cytokines in response to stimulation. In recent years,
other researchers have also suggested that the production of cyto-
kines from ILC2s in patients with asthma is higher than that in
healthy patients,6 even though the number of ILC2s is not
increased.10 However, the previous studies required long-term
(7 days) culture methods or nonphysiological stimulation (phor-
bol 12-myristate 13-acetate and ionomycin). Such long-term cul-
ture or phorbol 12-myristate 13-acetate and ionomycin may
forcefully activate ILC2s, which are not activated under physio-
logical conditions. Because the LCI-S analysis can detect subtle

http://www.jaci-global.org
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FIG 4. Differences in gene expressionprofiles of ILC2s.A,Heatmapof the top 30DEGsbetween27 ILC2s from

patients with asthma and 17 ILC2s from healthy subjects. B,Volcano plot of DEGs. C,Gene ontology analysis

of DEGs.D,Cnetplot of gene ontology analysis. E,Single sample gene set enrichment analysis for IL-4 recep-

tor signaling pathway. Mann-Whitney U test. DEG, Differentially expressed gene; FC, fold change.
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amounts of cytokines at the single-cell level, it is possible to
detect the difference in cytokine production from ILC2s between
patients with asthma and healthy subjects within 48 hours of mea-
surement under cytokine stimulation.

Finally, to clarify the molecular mechanism of the different
cytokine producing capacities of ILC2s in patients with asthma,
we performed single-cell RNA-seq analysis on 44 ILC2s
randomly selected from 4 patients with asthma and 4 healthy
subjects before stimulation. We identified significantly different
gene expressions between them; cell growth–related genes
(CDKN1b, CCNG2, CCND2, and CCN1), prostaglandin E recep-
tor (PTGER2), and IL-4 receptor (IL4R) were significantly upre-
gulated in ILC2s derived from patients with asthma (Fig 4, A and
B). Gene ontology analysis with a cnetplot revealed that some
gene sets, such as chemokine production and multiorganism pro-
cess, were enriched in patient-derived ILC2s (Fig 4, C and D). It
has been reported that IL-4, mainly produced by TH2 cells and
basophils, enhances activation of ILC2s to produce IL-5 and
IL-13.17 As shown previously, the expression of IL4R was signif-
icantly upregulated in ILC2s in patients with asthma (P 5 .042;
log fold change 5 217.13), and IL4R affects all gene ontologies
associated with chemokine production. Furthermore, we
confirmed that IL4R (CD124) expression was significantly
increased in patients with asthma compared with that in healthy
subjects by flow cytometry (see Fig E3 in this article’s Online Re-
pository at www.jaci-global.org). To validate whether the IL-4 re-
ceptor signaling pathway was primed in ILC2s of patients with
asthma, we performed single-sample gene set enrichment anal-
ysis18 and revealed a significant enrichment of IL-4 receptor
signaling pathway genes (AKT1, GRB2, IL2RG, IL4, IL4R,
IRS1, JAK1, JAK3, RPS6KB1, SHC1, and STAT6) in ILC2s of pa-
tients with asthma (P 5 .042; Fig 4, E). Thus, these data suggest
that ILC2s in patients with asthma are preactivated via the IL-4
receptor signaling pathway, which may be a cause of production
of more type 2 cytokines in response to the stimulation.

In summary, we revealed the molecular characteristics of
ILC2s in the peripheral blood of patients with asthma; the number
of ILC2s in the patients was decreased, but the patient-derived
ILC2s were highly responsive to the cytokine stimulation and
produced high amounts of IL-5 and IL-13. Furthermore, as the
underlying mechanism for the activated phenotype, we identified
that the IL-4 receptor signaling pathway was primed in the
patient-derived ILC2s. A recent study has shown that the number
and cytokine expression of ILC2s are significantly decreased in
patients with asthma receiving anti–IL-4 receptor antibodies.19

Therefore, anti–IL-4 receptor antibodies may be effective in the
patients with preactivated ILC2s via enhanced IL-4 receptor
signaling pathway. As a limitation of this study, although patients
with asthma have various phenotypes, this pilot study included a
limited number of patients, and a detailed phenotype-specific
analysis was not performed. Further studies are warranted to eval-
uate the correlation between the molecular characteristics of
ILC2s and the disease phenotype or response to biologics.

Finally, we revealed the molecular characteristics of ILC2s in
patients with asthma, which will contribute to personalized
medicine and targeted therapy for asthma based on the phenotype
of the lymphoid cells.

We thank Mari Fujiwara, Kaede Miyata, Yumiko Tanaka, Rino Homma,

and Taku Murakami for their skillful technical assistance.
Key messages

d In patients with asthma, the number of ILC2s in periph-
eral blood was not increased, but the ability to produce
type 2 cytokines was enhanced.

d Gene expression profiles of ILC2s were different between
patients with asthma and healthy subjects, and a gene set
of the IL-4 receptor signaling pathway was significantly
upregulated.
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