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Background: Group 2 innate lymphoid cells (ILC2s) play crucial roles in type 2 immunity 
and asthma development. While ILC2s are resident in mucosal tissues, they also circulate in 
peripheral blood. It remains controversial whether ILC2s are increased in the peripheral 
blood of patients with asthma.
Purpose: The goal of this project was to study the effector functions of ILC2s in peripheral 
blood samples by in vitro culture with cytokines.
Patients and Methods: Peripheral blood mononuclear cells (PBMCs) were collected from 
11 adult patients with mild asthma and 12 healthy control subjects. The number of peripheral 
blood ILC2s in PBMCs was analyzed by flow cytometry. PBMCs were cultured with IL-33 
and IL-25 without any antigens, and the amounts of type 2 cytokines in cell-free supernatants 
were analyzed by ELISA. In selected experiments, production of cytokines by ILC2s was 
analyzed by intracellular cytokine staining and flow cytometry.
Results: In response to either IL-33 or IL-25 stimulation, PBMCs from patients with mild 
asthma produced larger amounts of IL-5 and IL-13 than PBMCs from healthy control 
subjects. However, ILC2 numbers or proportions were not significantly different between 
these two groups. Flow cytometric analysis confirmed production of IL-5 by ILCs when 
stimulated with IL-33.
Conclusion: In vitro culture of PBMCs with a cocktail of cytokines, such as either IL-33 or 
IL-25 plus IL-2, may provide a valuable tool to assess the effector functions of ILC2s and 
may serve as a biomarker for human asthma.
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Introduction
Group 2 innate lymphoid cells (ILC2s) play important roles in type 2 immune 
responses and allergic airway diseases.1 In response to epithelium-derived cyto-
kines, such as interleukin (IL)-33 and IL-25, ILC2s produce type 2 cytokines, 
including IL-5 and IL-13, and other mediators involved in inflammation and tissue 
remodeling.1 ILC2s are mostly mucosal tissue-resident cells with a small number of 
cells in circulation.1 Human ILC2s have been identified in tonsils, lungs, nasal 
tissues, bronchoalveolar lavage (BAL), induced sputum, and peripheral blood.2–5 

Studies show that ILC2 numbers in BAL fluid and induced sputum are increased in 
asthma patients.3–5 However, the results of studies that examined ILC2 numbers in 
the peripheral blood of asthma patients have been inconsistent. Some studies, 
including our own, found increased numbers of circulating ILC2s in asthma 
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patients,5–8 whereas other studies revealed no significant 
differences in circulating ILC2s between asthmatic and 
non-asthmatic control subjects.4,9,10

Peripheral blood would provide a versatile non- 
invasive source for the assessment of disease phenotypes 
and endotypes. The complexity of ILC2 phenotypes that 
overlap with those of other ILC groups makes it challen-
ging to enumerate them precisely.8 Therefore, the goal of 
this project was to characterize the effector functions of 
ILC2s in peripheral blood samples by straightforward 
in vitro culture with cytokines. Using this approach, we 
found that although peripheral blood ILC2 numbers were 
not significantly different between mild asthma patients 
and healthy control subjects, peripheral blood mononuc-
lear cells (PBMCs) from mild asthma patients produced 
stronger type 2 cytokine responses in vitro as compared to 
PBMCs from healthy control subjects.

Patients and Methods
Study Subjects
Peripheral blood was obtained from normal subjects or 
subjects with mild allergic asthma. Inclusion criteria for 
asthma patients were as follows: 1) a pre-bronchodilator 
forced expiratory volume in one second (FEV1) >60% of 
predicted normal value with a post-bronchodilator increase 
in flow >12% and/or a reduction in FEV1 >20% following 
1–5 breaths of 25 mg/dl inhaled methacholine, 2) physi-
cian-diagnosed asthma, 3) allergic sensitization to aeroal-
lergens confirmed by new or existing skin testing or IgE 
serum immunoassays, and 4) the absence of nasal polyps. 
Exclusion criteria for study subjects were as follows: 1) 
systemic glucocorticoid therapy during the past 3 
months, 2) previous (>10 pack year smoking history) or 
current smokers, 3) a lower or upper airway infection (eg, 
“cold”) within the last 4 weeks, 4) diagnosed with immu-
nodeficiency, cystic fibrosis, or any other respiratory or 
general medical problem which the investigator felt would 
preclude inclusion into the study, eg, infection, malig-
nancy, 5) immunotherapy with any allergen, 6) pregnancy, 
and 7) immunosuppressive medication. The Mayo Clinic 
Institutional Review Board approved this study, and 
informed consent was obtained from all participants. This 
study complies with the Declaration of Helsinki.

Reagents
FITC-labeled antibodies to CD3 (SK7), CD14 (MϕP9), 
CD19 (4G7), CD34 (581), and CD56 (NCAM16.2) were 

purchased from BD Biosciences. FITC-labeled antibodies 
to CD11c (3.9), CD94 (DX22), CD123 (6H6), and FcεRIα 
(AER-37) were purchased from eBioscience. PE-labeled 
antibody to CD127 (hIL7R-m21) was purchased from BD 
Biosciences. PE-labeled antibody to IL-5 (TRFK5) was 
purchased from BioLegend. AF647-labeled antibody to 
CRTH2 (BM16) and BV510-labeled antibody to CD45 
(HI30) were purchased from Biolegend. Recombinant IL- 
33 and IL-12 were purchased from R&D Systems. 
Recombinant IL-25 was purchased from Biolegend. 
Recombinant human IL-2 was purchased as Proleukin 
(aldesleukin) from Novartis Pharmaceuticals Corporation.

PBMC Isolation and Stimulation for 
Cytokine Production
Heparinized peripheral blood was layered over an equal 
volume of Histopaque 1077 (Sigma-Aldrich) and centri-
fuged according to the manufacturer’s instructions. 
Mononuclear cells were collected from the interface 
between the Histopaque and the plasma. PBMCs were 
washed and resuspended in RPMI 1640 media (Gibco/Life 
Technologies) containing 10% heat-inactivated human AB 
serum (Sigma-Aldrich), penicillin (100 U/mL), and strepto-
mycin (100 µg/mL; Gibco/Life Technologies). Cells were 
cultured in 96-well round-bottom plates (5 × 105 cells/well) 
at 37°C with 5% CO2 for 7 days with IL-2 (20 U/mL), IL- 
33 or IL-25 at the indicated concentrations (0.5–50 ng/mL), 
and IL-12 (5 ng/mL). IL-5, IL-13, and IFN-γ concentrations 
in the cell-free supernatants were determined using ELISA 
kits as recommended by the manufacturer (Thermo Fisher 
Scientific).

ILC2 Analysis by Flow Cytometry
PBMCs were stained with antibodies to lineage markers 
(CD3, CD11c, CD14, CD19, CD34, CD56, CD94, CD123, 
and FcεRIα) and antibodies to ILC2 surface markers 
CD45, CD127, and CRTH2. After staining, cells were 
washed and fixed with 1% paraformaldehyde and analyzed 
using flow cytometry. Conventional ILC2s were defined as 
the Lineage−CD45+CD127+CRTH2+ population. 
Alternatively, nonconventional ILC2s were identified as 
the Lineage−CD45+CD127+CRTH2− population. The 
absolute numbers of ILC2s were calculated by multiplying 
the total number of PBMCs per milliliter of blood by the 
ILC2 percentage of a given sample. For IL-5 intracellular 
staining experiments, PBMCs were cultured in 6-well 
plates (3 x107/well) for 4 days with IL-2 (20 U/mL) and 
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IL-33 (50ng/mL). Brefeldin A (GolgiPlug, BD 
Biosciences) was added for the final 3 hours. Cells were 
then stained with fixable viability dye eFluor 780, FITC- 
labeled antibodies to lineage markers, BV421-labeled anti-
body to CD127; fixed and permeabilized with a Cytofix/ 
Cytoperm kit (BD Biosciences), and stained intracellularly 
with a PE-labeled antibody to IL-5.

Statistical Analyses
Data are presented as the mean ± SEM for the numbers of 
subjects as indicated. Differences were evaluated using 
paired Student’s t-tests, and p < 0.05 was considered 
statistically significant.

Results
Blood ILC2 Numbers are Similar in Mild 
Asthma Patients and Healthy Controls
Previously, we reported that the number of ILC2s and IL- 
33 or IL-25-induced type 2 cytokine production were 
increased in PBMCs from patients with allergic 
asthma.6 The caveats of that study were that the numbers 
and functions of ILC2s were analyzed in different subject 
populations. Furthermore, asthma patients with various 
degrees of disease severity were included in the study, 
making it difficult to rule out the potential influence of 
the medications, such as systemic glucocorticoids, espe-
cially in patients with severe asthma. To overcome these 
potential problems from the previous study, we designed 
the current study to simultaneously assess the quantity 
and function of peripheral blood ILC2s from patients 
with mild asthma. PBMCs were obtained from 11 adult 
patients with mild asthma and 12 healthy control subjects 
(Table 1). The definition of mild asthma followed the 
National Asthma Education and Prevention Program 
Expert Panel Report 3 guideline.11 To assess the numbers 
of circulating blood ILC2s, we stained PBMCs with 
antibodies to CD45, CRTH2, CD127 and lineage markers 
including CD3, CD14, CD16, CD19, CD56, FcεRIα, 
CD11c, CD34, CD94, and CD123 (Figure 1A). The con-
ventional ILC2s were identified as 
Lin−CD45+CRTH2+CD127+. The nonconventional ILCs 
were identified as Lin−CD45+CRTH2−CD127+. When 
analyzed by flow cytometry, both control subjects and 
asthma patients showed considerable heterogeneity in 
ILC2 numbers within each study population (Figure 1B 
and C). There was no significant difference in the propor-
tions of conventional ILC2s within the PBMC 

preparations or absolute numbers of conventional ILC2s 
in peripheral blood between control subjects and asthma 
patients (Figure 1C and D). No difference was observed 
in absolute numbers of the Lin−CD45+CD127+CRTH2− 

ILC population (Figure 1E).

PBMCs from Mild Asthma Patients 
Produce More IL-5 After IL-33 and IL-25 
Stimulation
Next, we analyzed the effector functions of blood ILC2s by 
culturing freshly isolated PBMCs with IL-33 and IL-25 as 
described previously.6 When cultured with IL-33 or IL-25 
alone, PBMCs from asthma patients or control subjects pro-
duced minimal amounts of IL-5, IL-13, and interferon (IFN)-γ 
(Figures 2 and 3). In control subjects, the addition of IL-2 to IL- 
33 or IL-25 modestly enhanced the ILC2 response, and the 
levels of IL-5 became detectable in some subjects (Figures 2A 
and B and 3A and B); greater amounts of IL-13 were detected 
in the majority of these control subject samples (Figures 2C 
and D and 3C and D). In asthma patients, this added IL-2 also 
enhanced the ILC2 response to IL-33 or IL-25 (Figures 2A– 
D and 3A–D). Importantly, significantly greater amounts of IL- 
5 were produced by asthma patient samples compared to 
control subject samples following stimulation with IL-33 
plus IL-2 (Figure 2A and B, p < 0.05). Robust differences 
were observed upon stimulation with higher concentrations of 

Table 1 Study Subjects

Characteristics HC 
(n=12)

MA 
(n=11)

P value

Age (y), mean±SEM 40.3±4.6 44.0±5.3 0.9558

Sex, female/male 10/2 5/6 0.0894

Asthma, n 0 11
Ever smoked (%) 0 9.1 0.4783

Current smoker (%) 0 0

Ever had immunotherapy 0 0
FEV1 (% predicted), Mean 95 78 0.0309*

Medications, n

ICS 0 4 0.0373*

LABA 0 3 0.0932
SABD 0 11 <0.001

LTM 0 5 0.0137*

Skin test, positive/subjects 

tested

0/2 9/10 0.0455*

Abbreviations: HC, healthy control; MA, mild asthma; ICS, Inhaled corticoster-
oids; LABA, long-acting beta-agonists; SABD, short-acting bronchodilators; LTM, 
leukotriene modifiers. *P<0.05.
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Figure 1 FACS analysis of blood ILC2 numbers. PBMCs from healthy control subjects (Control, n=12) and asthma subjects (Asthma, n=11) were analyzed by FACS. Panel 
(A) shows the gating strategy for ILC2s. Panels (B and C) show summaries of total numbers of PBMCs per milliliter of blood and proportion of conventional 
(CD127+CRTH2+) ILC2s in PBMCs. Panels (D and E) show total numbers of conventional (CD127+CRTH2+) and nonconventional (CD127+CRTH2−) ILC2s per milliliter 
of blood, respectively. Each dot represents 1 subject, and horizontal bars indicate the means. Male and female subjects are represented by open and closed symbols, 
respectively.
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A B

C D

E F

Figure 2 IL-33-induced cytokine production by PBMCs. PBMCs from healthy control subjects (Control) or mild asthma subjects (Asthma) were cultured with media alone, IL-33 alone 
(50 ng/mL), or IL-33 plus IL-2 (20 U/mL) (A, C, E). The levels of IL-5, IL-13, and IFN-γ in culture supernatants were determined by ELISA. Each dot represents 1 subject, and horizontal 
bars indicate the means. Alternatively, PBMCs were cultured with the indicated concentration of IL-33 with or without IL-2 (B, D, F). Data are presented as means±SEMs (n=8–12 in each 
group). *p < 0.05 between the groups indicated by horizontal lines.
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A B

C D

E F

Figure 3 IL-25-induced-cytokine production by PBMCs. PBMCs from healthy control subjects (Control) or mild asthma subjects (Asthma) were cultured with media alone, 
IL-25 alone (50 ng/mL), or IL-25 plus IL-2 (20 U/mL) (A, C, E). The levels of IL-5, IL-13, and IFN-γ in culture supernatants were determined by ELISA. Each dot represents 1 
subject, and horizontal bars indicate the means. Alternatively, PBMCs were cultured with the indicated concentration of IL-25 with or without IL-2 (B, D, F). Data are 
presented as means±SEMs (n=8–12 in each group). *p < 0.05 between the groups indicated by horizontal lines.
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IL-33. Similarly, greater amounts of IL-5 were produced in 
asthma patient samples than in control subject samples follow-
ing stimulation of the PBMCs with IL-25 plus IL-2 (Figure 3A 
and B, p< 0.05). Although IL-13 levels in asthma patient 
samples trended higher, they were not significantly different 
from the IL-13 levels in healthy control samples when PBMCs 
were stimulated with IL-33 plus IL-2 or with IL-25 plus IL-2 
(Figures 2C and D and 3C and D). Production of IFN-γ was 
minimally affected by the addition of IL-2 to IL-33 or IL-25, 
and no differences were observed between the subject groups 
(Figures 2E and F and 3E and F). Together these data indicate 
that PBMCs from patients with mild asthma produce more IL- 
5 in response to IL-33 or IL-25 stimulation in vitro.

IL-12 Inhibits IL-33-Induced Type 2 
Cytokine Production by PBMCs
Recent studies in mice suggest that the effector functions of ILC2s 
are suppressed by several cytokines, including IFN-γ and IL-27.12 

IL-12 is produced by innate immune cells and plays a major role in 
linking innate and adaptive type 1 immunities.13 IL-12 has been 
shown to inhibit IL-2/IL-33/TSLP-induced type 2 immune 
response by transdifferentiating healthy blood ILC2s into IFN-γ- 
producing ILC1s.14,15 We examined whether IL-12 has inhibitory 
effects on IL-33-induced type 2 cytokine responses in asthmatic 
PBMCs. In the presence of IL-2 and IL-33, IL-12 stimulated 
similar levels of IFN-γ production by PBMCs from both control 
subjects and asthma patients (Figure 4A). Addition of IL-12 nearly 
abolished IL-5 production by PBMCs from asthma patients when 
PBMCs were stimulated with IL-33 plus IL-2 (Figure 4B). These 
data suggest that the innate type 2 immune response in asthma 
patients may be suppressed by IL-12.

ILC2s are a Major Source for IL-5 
Production in PBMCs
Besides ILC2s, the IL-33 receptor is also expressed by many 
other immune cells, including T lymphocytes, natural killer 
cells, and monocytes.16 These cells are present in PBMCs and 
potentially can produce type 2 cytokines upon IL-33 stimula-
tion. Previously, we showed that a FACS-sorted 
Lin−CD127+CRTH2+ cell population but not a Lin+ population 
in human peripheral blood produced and released large 
amounts of type 2 cytokines upon stimulation with IL-33 
plus IL-2 in vitro.6 To further verify that ILC2s are likely 
a major source of IL-5 when PBMCs are stimulated with IL- 
33 plus IL-2 in vitro, we performed IL-5 intracellular staining 
on IL-33-stimulated whole asthmatic PBMCs and analyzed 
IL-5 expression by flow cytometry. The fixation and permea-
bilization in the intracellular staining procedures diminished 
CRTH2 antibody staining in our hands. Thus, we analyzed IL- 
5 expression gating on Lin+ cells and Lin−CD127+ cells that 
likely included both conventional and nonconventional ILC2s. 
We found very few IL-5+ cells in the Lin+ population (less than 
0.05%) and more than 30% IL-5+ cells in the Lin−CD127+ 

population, suggesting that Lin−CD127+ ILCs are likely 
a major source of IL-5 production when asthmatic PBMCs 
are stimulated with IL-33 plus IL-2 in vitro (Figure 5).

Discussion
Several studies have explored the possibility of using 
blood ILC2 number as a biomarker for asthma.4–10 So 
far, the results have not been consistent. Whereas some 
studies showed that blood ILC2 numbers were increased in 
asthmatic patients,5–8 other studies revealed no changes in 

Figure 4 IL-12 effects on cytokine production by PBMCs. PBMCs from healthy control subjects (Control, n=4) or mild asthma subjects (Asthma, n=6) were cultured with 
IL-33 alone (50 ng/mL), IL-33 plus IL-2 (20 U/mL), or a combination of IL-33, IL-2 and IL-12 (5 ng/mL). The levels of IFN-γ (A) and IL-5 (B) in culture supernatants were 
determined by ELISA. Each dot represents 1 subject, and horizontal bars indicate the means.

Journal of Asthma and Allergy 2021:14                                                                                    submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                          
19

Dovepress                                                                                                                                                           Drake et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


blood ILC2 numbers.4,9,10 This discrepancy may be caused 
by differences in patient population selection criteria, 
including the severity of asthma and usage of medication, 
and differences in flow cytometry gating strategies. Our 
group previously showed that asthmatic patients had 
increased numbers of blood ILC2s.6 The current study 
shows that the blood ILC2 numbers are similar in asthma 
patients and healthy control subjects when only mild 
asthma patients are included and a more stringent lineage 

gating strategy is applied. In contrast to the variability of 
ILC2 numbers, we consistently observed in this study that 
IL-33- or IL-25-induced type 2 cytokine production by 
PBMCs (likely circulating ILC2s) is upregulated in asthma 
patients, even in those with mild asthma. These data sug-
gest that a functional assay may better reflect a clinical 
phenotype. Notably, in both our previous study and in the 
current study, IL-5 levels, but not IL-13 levels, were sig-
nificantly upregulated in asthmatic PBMCs,6 suggesting 

Figure 5 FACS analysis of IL-5 production by PBMCs. PBMCs from asthma subjects were cultured with IL-33 plus IL-2 for 4 days and with brefeldin A for the final 3 hours. 
The cells were then stained for intracellular IL-5 (or with isotype control antibody), lineage markers (CD3, CD11c, CD14, CD19, CD34, CD56, CD94, CD123, and FcεRIα) 
and CD127. IL-5 production was analyzed by gating on lineage-positive (Lin+) cells and the Lin−CD127+ cell population. Data are from one representative subject from three 
asthmatic subjects, which showed concordant findings.
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that IL-33- or IL-25-induced IL-5 production is a more 
sensitive biomarker as compared to IL-13 production. 
Similar findings have been reported by another study.5 

These data also indicate that IL-5 and IL-13 signaling 
pathways maybe differentially regulated in asthmatic 
PBMCs.

There are several limitations to our study that must be 
considered. First, this study is comparatively preliminary 
due to its relatively small sample size with 11 asthma 
patients and 12 control subjects. Second, both our previous 
study and this current study showed that ILC2s were the 
main cellular source for IL-33-induced IL-5 production in 
PBMC cultures.6 However, we cannot completely exclude 
the possibility that other cell types within the PBMC 
specimens may influence cytokine production by ILC2s. 
We recognize that cytokine intracellular staining would 
provide more convincing evidence that the increased IL- 
5 levels in asthmatic PBMCs are derived from blood 
ILC2s. However, ELISA assays are more streamlined 
and applicable for future large clinical studies. Third, 
because of its rather small sample size, this study was 
not powered sufficiently to detect potential sex difference 
and influences of asthma medications, variables which 
should be addressed in future larger studies. Nonetheless, 
our study provides good evidence that the straightforward 
in vitro culture of PBMCs with a cocktail of cytokines, 
such as either IL-33 or IL-25 plus IL-2, may be a valuable 
tool for assessing the effector functions of ILC2s and may 
serve as a biomarker for human asthma.

Conclusion
We have confirmed our previous finding that the innate 
type 2 cytokine response is increased in the peripheral 
blood of asthma patients. In a rigorously defined popula-
tion of subjects with mild asthma, we found that the 
numbers of circulating ILC2s are not significantly differ-
ent from healthy controls. Overall, our results suggest 
that the function, but not the number, of peripheral 
blood ILC2s may serve as a useful biomarker for 
human asthma.
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