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ABSTRACT

Asthma is a heterogeneous disease whose development is shaped by a variety of 
environmental and genetic factors. While several recent studies suggest that microbial 
dysbiosis in the gut may promote asthma, little is known about the relationship between the 
recently discovered lung microbiome and asthma. Innate lymphoid cells (ILCs) have also 
been shown recently to participate in asthma. To investigate the relationship between the 
lung microbiome, ILCs, and asthma, we recruited 23 healthy controls (HC), 42 patients with 
non-severe asthma, and 32 patients with severe asthma. Flow cytometry analysis showed 
severe asthma associated with fewer natural cytotoxicity receptor (NCR)+ILC3s in the lung. 
Similar changes in other ILC subsets, macrophages, and monocytes were not observed. The 
asthma patients did not differ from the HC in terms of the alpha and beta-diversity of the 
lung and gut microbiomes. However, lung function correlated positively with both NCR+ILC3 
frequencies and microbial diversity in the lung. Sputum NCR+ILC3 frequencies correlated 
positively with lung microbiome diversity in the HC, but this relationship was inversed in 
severe asthma. Together, these data suggest that airway NCR+ILC3s may contribute to a 
healthy commensal diversity and normal lung function.
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INTRODUCTION

Asthma is a chronic inflammatory disease that is characterized by airway hyperresponsiveness 
and chronic airway inflammation. It affects more than 300 million people worldwide each 
year (1,2). Asthma is a complex disease that is now known to comprise a variety of disease 
phenotypes and endotypes (3). Thus, while it was initially considered to be an allergic disease 
that is mediated by allergen-specific TH2 responses (4), 10%–33% of asthma patients suffer 
from non-allergic asthma, triggered by ozone exposure, obesity, and air pollutants (5,6). Since 
much of the research on asthma has focused on T cells, further research on the roles played by 
other immune cells is needed to improve our understanding of this heterogeneous disease.

Innate lymphoid cells (ILCs) have been found recently to participate in the pathogenesis of asthma 
(7-9). These cells produce distinct arrays of cytokines in response to different stimuli and have been 
divided into 3 types based on these cytokine profiles and their molecular/cell-surface signatures. 
Thus, the group 1, group 2, and group 3 ILCs (denoted ILC1s, ILC2s, and ILC3s, respectively) 
respectively produce TH1 (IFN-γ), TH2 (IL-4, IL-5, and IL-13), and TH17 (IL-17 and IL-22) cytokines 
and are therefore considered to be the innate counterparts of TH1, TH2, and TH17 cells, respectively 
(10). The ILC3s also display additional heterogeneity: they can be subdivided into 2 types (CCR6+ 
LTis and CCR6− ILC3) (11), with the CCR6− ILC3 cells, in turn, is divided on the basis of their 
expression of natural cytotoxicity receptor (NCR) into NCR+ILC3s and NCR−ILC3s (12).

Another immune cell type that may play an important role in asthma pathogenesis is the 
alveolar macrophage (AM). This innate immune cell is the most abundant immune cell in the 
lung (13,14) and contributes to chronic airway inflammation by producing proinflammatory 
cytokines such as TNF-α and IL-1β. Asthma associates with changes in macrophage 
polarization (15), which is driven by environmental stimuli such as bacterial components 
and cytokines and produces either the classically activated (M1) phenotype (which associates 
with TH1 inflammation), or the alternatively activated (M2) phenotype (which is linked to TH2 
inflammation) (16,17). Our previous study with animal models of asthma and human asthma 
patients showed that 2 asthma phenotypes associate with interactions between lung ILCs 
and AMs: specifically, eosinophilic asthma associates with ILC2:M2 interactions while non-
eosinophilic asthma is linked to ILC1/3:M1 interactions (18).

A growing body of evidence suggests that the human microbiome is actively involved in 
the pathogenesis of asthma and other chronic respiratory diseases (19-21). The lungs were 
initially thought to be sterile until culture-independent techniques showed that the lower 
respiratory tract of healthy humans contains diverse commensal microbes (22). Of these, 
Bacteroidetes and Firmicutes are the most abundant phyla, followed by Proteobacteria and, to 
a lesser extent, Actinobacteria and Fusobacteria (23,24). Compared to healthy controls (HC), 
asthma patients exhibit airway dysbiosis characterized by elevated Proteobacteria or decreased 
Bacteroidetes prevalence (25-27). However, a lack of uniformity and standardization in the 
processing of respiratory samples used for microbiome characterization has resulted in 
inconsistencies between studies. Moreover, most of these studies are cross-sectional, which 
limits our understanding of the temporal relationship between airway microbiome changes 
and asthma, including any related immune changes. Longitudinal studies with standardized 
preparation/analysis protocols on this question are warranted.
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To address these issues, we here characterized the interactions between the airway 
microbiome and immune cells in asthma by analyzing the airway microbiome in asthma 
patients and HC and assessing whether these variables correlated with asthma severity.

MATERIALS AND METHODS

Subjects
We recruited 23 healthy controls (HC) and 74 asthma patients from Seoul National University 
Hospital (Seoul, Korea) between December 2016 and June 2017. All patients with asthma 
met one of the following criteria: forced expiratory volume in 1 second (FEV1) changed over 
12% by 200 ml after bronchodilator response, or significant airway hyperresponsiveness to 
methacholine or mannitol provocation. Patients with cancer, severe medical conditions, and 
other pulmonary diseases were excluded along with patients on immunotherapy or medications 
such as antibiotics, antifungal agents, antiviral drugs, probiotics, or any systemic steroids. The 
asthma patients were subdivided on the basis of their FEV1 or asthma control questionnaire 
(ACQ) score into those with severe (n=32) and non-severe (n=42) asthma: severe asthma was 
defined as ACQ score >1.50 or FEV1 40%–80% of the expected value despite daily use of an 
inhaled corticosteroid (ICS) dose equivalent to ≥1,000 μg fluticasone.

Study approval
All subjects enrolled in this study provided written informed consent. This study was 
approved by the Seoul National University Hospital Institutional Review Board (IRB approval 
number: 1607-148-778) and was conducted following the Declaration of Helsinki.

Preparation of airway and fecal samples for microbiome analysis
After measuring basal FEV1 and forced vital capacity (FVC), all participants were treated with 
200 μg salbutamol (Ventolin®; GlaxoSmithKline, Brentford, England). To prompt induced 
sputum production, 3% hypertonic saline was inhaled repeatedly up to 4 times at 5-min 
intervals using an ultrasonic nebulizer with an output set at 4.5 ml/min (Omron Co., Tokyo, 
Japan). After each nebulization, the subjects rinsed their mouths and spat the induced 
sputum carefully into a Petri dish. Samples where squamous epithelial cells accounted 
for more than 20% of the total cell count were excluded from the analysis. To collect fecal 
samples, at least 5 g feces were collected with a sterile spoon and placed in a sterile container. 
All samples were stored at −80°C immediately after collection.

DNA extraction, PCR amplification, and 16S rRNA gene sequencing
Metagenomic DNA was extracted from 1 ml of whole sputum sample and 200 mg fecal 
sample by using the FastDNA® SPIN Kit for Soil DNA extraction (MP Biomedicals, Santa 
Ana, CA, USA). PCR amplification of the V3-V4 hypervariable region of the bacterial 16S 
rRNA gene was subsequently performed with 3 μl of extracted DNA template and 25 μl 
2X KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Rome, Italy). The primers-318F 
(5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and 
806R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC 
C-3′) were used for 16S rRNA gene amplification. The second PCR was performed using 
the Nextera XT Index Kit (Illumina, San Diego, CA, USA) using a different adapter for each 
sample, and libraries were sequenced using Illumina Miseq.
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Sequencing data processing
The raw sequencing data files were preprocessed before downstream data analysis by using the 
bioinformatics tools; PRINSEQ (28), Cutadapt (29), Paired-End reAd mergeR (30), USEARCH 
(31), and QIIME v1.9 (32). The Ezbiocloud database was used to identify operational taxonomic 
units (OTUs), which were defined as clusters of 16S sequences that had 97% or greater similarity 
(33). Alpha-diversity was quantified as OTU counts and Shannon and Simpson diversity indices. 
The weighted normalized UniFrac distance was plotted using data from principal component 
analysis (PCoA), and the significance of grouping in the ordination was evaluated by using 
permutational multivariate analysis of variance.

Isolation of immune cells from induced sputum and peripheral blood
To isolate sputum immune cells, induced sputum was mixed with the same volume of 0.1% 
dithiothreitol (Sigma, St. Louis, MO, USA) and incubated for 20 min at 37°C with shaking. 
The immune cells were then filtered with a 70-μm strainer and centrifuged at 1,400 rpm for 6 
min. The pellet of sputum was resuspended with 2% FBS-containing PBS for flow cytometry 
analysis. To isolate PBMCs, whole blood was diluted with double the volume of PBS buffer (pH 
7.2) and 2 mM EDTA, after which 35 ml of diluted sample was layered onto 15 ml Ficoll-Paque 
(GE Healthcare, Chicago, IL, USA). After centrifugation at 400×g for 30 min at 25°C without 
a brake, the PBMC layer was isolated and resuspended in RPMI1640 (Biowest, Riverside, MO, 
USA) with 10% FBS (Biowest) and antibiotics (penicillin-streptomycin; Sigma).

Flow cytometry analysis
The Fcγ receptors of immune cells were blocked with anti-CD16/CD32 Ab (Human BD 
Fc Block; BD Biosciences, Franklin Lakes, NJ, USA) before the cells were stained with 
fluorochrome-labeled mAbs. Cells from sputum and PBMCs were stained with the following 
Abs: anti-CD45 (HI30; purchased from BD Biosciences); anti-CD3ε (UCHT1), anti-CD11c 
(3.9), anti-CD11b (ICRF44), anti-CD14 (HCD14), anti-CD19 (HIB19), anti-CD49b (P1E6-C5), 
and anti-FcεRIα (AER-37), which were used as lineage markers and were purchased from 
BioLegend, San Diego, CA, USA; anti-CD15 (W6D3), anti-CD68 (Y1/82A), anti-CD117 
(C-Kit, 104D2), anti-CD127 (A019D5), anti-CD206 (15-2), anti-CD45 (HI30), anti-CD16 
(3G8), anti-NKp44 (P44-8), which were purchased from BioLegend; and anti-ST2L (B4E6; 
purchased from MD Bioproduct, Oakdale, MN, USA). Flow cytometry was performed using 
BD LSRFortessa™ and BD LSRFortessa™ X-20 (BD Biosciences) and analyzed by FlowJo (V10; 
Tree Star Inc., Ashland, OR, USA) software (BD Biosciences).

Statistics
Correlations between immune cell frequencies and microbial alpha-diversity in the 
sputum were investigated with the R programming language (https://www.r-project.org/; 
R Foundation, Vienna, Austria). The Shannon and Simpson alpha-diversity indices of the 
sputum microbial community of each subject were calculated with R package vegan (34). 
Pearson and Spearman correlation coefficients were calculated for each alpha-diversity 
and immune cell frequency pair. For Pearson correlations, the testing was conducted with 
an approximate t-distribution, with the degree of freedom being the number of tested 
samples minus 2. For Spearman correlations, the testing was performed by calculating the 
approximative null distribution with a conditional Monte Carlo procedure with 1,000,000 
samples. This procedure was done with an R package coin (35,36). These steps were 
conducted with all available samples and separately for the HC, non-severe asthma patients, 
and severe asthma patients. The resulting p-values were adjusted with the Benjamini-
Hochberg method (37).
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To compare the patient/control groups in terms of immune cell frequencies or microbial alpha-
diversity, the data were first subjected to the Shapiro-Wilk normality test to check whether they 
were normally distributed. Two groups were compared with either the Mann-Whitney U tests 
(non-parametric data) or unpaired t-tests (parametric data). Multiple independent groups 
were compared by using ordinary one-way ANOVA or Kruskal-Wallis test for parametric and 
non-parametric data, respectively. To analyze the correlation between the clinical index and 
ILC3 subset frequencies or microbial alpha-diversity, either Pearson or Spearman correlation 
test was performed depending on the normality of the data. The measured values are presented 
as mean±SD. GraphPad Prism 8 (GraphPad software, Inc., San Diego, CA, USA) was used for 
statistical analysis, and p-value <0.05 was considered statistically significant.

RESULTS

Patients with asthma have lower frequencies of NCR+ILC3s in their sputum 
than HC
To determine the changes of innate immune cells in asthmatics, we recruited 23 HC and 74 
asthma patients (non-severe, n=42; severe, n=32) as described in Table 1. Lung functions 
represented by FVC (%), FEV1 (%), and FEV1/FVC ratio were decreased in the asthmatics.

We first analyzed the frequencies of total ILCs, ILC1s, ILC2s, and ILC3 subsets in the 
induced sputum and PBMCs from the asthma patients and HC. The sputum ILCs were 
determined by first gating the total ILCs (Lineage−CD127+) in the CD45+lymphocytes and then 
subdivided into the ILC1s (ST-2−CD117−), ILC2s (ST-2+), NCR−ILC3s (NKp44−ST-2−CD117+), and 
NCR+ILC3s (NKp44+ST-2−CD117+) (Fig. 1A). With regard to the sputum, the asthma patients 
were similar to the HC in terms of total ILC, ILC2, and NCR−ILC3 frequencies (Fig. 1B and C), 
but had significantly more ILC1s and fewer NCR+ILC3s (Fig. 1C). With regard to the PBMCs 
(Fig. 1D), the asthma patients and HC were similar in terms of ILC1, and ILC3 frequencies but 
the asthma patients had significantly more total ILCs and ILC2s (Fig. 1E and F). The latter 
observations are consistent with previous reports (38,39).

NCR+ILC3 frequencies in the sputum correlate negatively with asthma severity
As the ILC subsets in sputum and blood showed significant changes in asthma status, we 
further classified the asthma patients into non-severe and severe asthma according to asthma 
severity; the severe asthma group was defined as those who had higher than 1.50 in ACQ 
score or FEV1 in the range between 40%–80% despite using a daily ICS.
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Table 1. Clinical characteristics of the control and asthma subjects
Characteristics HC Non-severe asthmatics Severe asthmatics p-value
Number 23 42 32
Age (yr) 49.00 (39–62) 58.00 (39–71) 58.44 (38–85)
Sex (M/F) 8/15 12/30 13/19
BMI 23.07 (18.36–32.87) 24.09 (19.72–32.89) 25.49 (17.95–37.53) 0.0272
AR 0 29 (69.05) 11 (47.83) <0.0001
AD 0 3 (7.14) 3 (13.04) 0.2168
FVC (%) 103.7 (87–134) 95.67 (62–127) 79.79 (56–110) <0.0001
FEV1 (%) 101.4 (85–124) 85.95 (44–124) 67.51 (23.7–126) <0.0001
FEV1/FVC 81.77 (71–91) 72.5 (56–88) 65.52 (23.47–89) <0.0001
ACT - 18.07 (5–25) 17.61 (5–24) 0.2683
ACQ - 6.10 (0–18) 13.74 (2–26) <0.0001
Values are expressed as number (%) or mean±SD. The p-values were generated by unpaired t-test.
BMI, body mass index; AR, atopic rhinitis; AD, atopic dermatitis; ACT, asthma control test.



The non-severe and severe asthma patients did not differ in terms of total ILC, ILC1, ILC2, 
and NCR−ILC3 frequencies in their sputum, but the severe asthma patients had significantly 
fewer NCR+ILC3s than the HC (Fig. 2A and B). The sputum NCR+ILC3s of the HC and asthma 
patients also correlated positively and significantly with 3 lung function indices, namely, FEV1 
(Fig. 2C), FVC (Fig. 2D), and FEV1/FVC ratio (Fig. 2E). Thus, worse lung function is associated 
with lower NCR+ILC3 frequencies in the lung. With regard to the blood, only the total blood 
ILC frequencies were higher in severe asthma patients than in HC (Fig. 2F), but any ILC 
subset frequencies did not differ among groups (Fig. 2G).
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Figure 1. Frequencies of ILC subsets in the induced sputum and peripheral blood. (A) Gating strategy used to identify the ILCs in the sputum. The total ILCs in the 
CD45+ lymphocytes were gated as Lineage (CD3ε, CD11c, CD11b, CD14, CD19, CD49b, and FcεRIα)-negative and CD127 (IL-7R)-positive cells. The ILC1s, ILC2s, and ILC3s 
were then determined by assessing ST-2 and CD117 expression. (B, C) Frequencies of total ILCs (B) and each ILC subset (C) in the HC (n=15) and asthma patients 
(n=41). The 2 ILC3 subtypes were identified based on their NCR (NKp44) expression. (D) Gating strategy used to identify the ILCs in the peripheral blood. The total 
ILCs in the CD45+ lymphocytes were gated as Lineage−CD127+ cells. The ILC1, ILC2, and ILC3 subsets were then determined by assessing ST-2 and CD117 expression. (E, 
F) Frequencies of total ILCs (E) and each ILC subset (F) in the HC (n=21) and asthma patients (n=62). The healthy control and asthma groups were compared in terms 
of ILC frequencies using the Mann-Whitney U test or unpaired t-tests. Each dot represents one human sample. The data are presented as mean±SD. 
*p<0.05; **p<0.01.



Since lung-resident immune cell profiles may reflect the asthmogenic/asthma-promoting 
immune conditions better than circulating immune cells, these data suggest that sputum 
NCR+ILC3s relate more closely to asthma severity than blood ILC subsets. It is also 
interesting that low NCR+ILC3 frequencies in the sputum correlate with greater disease 
severity since it has been shown that the IL-22 produced by NCR+ILC3s maintains mucosal 
barrier integrity and host-commensal homeostasis (40). These observations together led us 
to speculate that NCR+ILC3s in the lung may prevent or limit poor lung function by shaping 
the airway microbiome.
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Figure 2. Correlation between sputum NCR+ILC3 frequencies and asthma severity. (A, B) Frequencies of the total ILCs (A) and ILC subsets (B) in the sputum of HC 
(n=15), non-severe asthma patients (n=23), and severe asthma patients (n=18). (C-E) Correlation between NCR+ILC3 frequencies in the sputum and pulmonary 
function indicators, namely, FEV1 (C), FVC (D), and FEV1/FVC (E). (F, G) Frequencies of the total ILCs (F) and ILC subsets (G) in the blood of HC (n=21), non-severe 
asthma patients (n=41), and severe asthma patients (n=21). The healthy control, non-severe asthma, and severe asthma groups were compared by ordinary one-
way ANOVA (parametric data) or Kruskal-Wallis test (non-parametric data). The correlations between sputum NCR+ILC3 frequencies and pulmonary function 
indicators were determined by Pearson or Spearman r correlation tests depending on data normality. Each dot represents one human sample. The data are 
presented as mean±SD. 
*p<0.05.



Asthma does not associate with AM and circulating monocyte frequencies
Since our previous study showed that asthma phenotypes are associated closely with 
macrophage polarization in the airways (18), we next investigated the macrophage 
populations in the induced sputum and peripheral blood of the asthma patients and HC. 
Thus, the macrophages in the sputum were defined as CD45+CD68+CD15− cells and then 
classified as M1 (CD206−CD11c+), M2 (CD206+CD11c−), and AMs (CD206+CD11c+) (Fig. 3A).  
Similarly, the monocytes in the blood (the circulating counterpart of lung-resident 
macrophages) were defined as CD45+CD11b+CD15− cells and then classified according to CD14 
and CD16 expression as non-classical monocytes (CD14lowCD16hi), intermediate monocytes 
(CD14hiCD16hi), and classical monocytes (CD14hiCD16low) (Fig. 3C). These analyses showed 
that the asthma patients did not differ from the HC in terms of the frequencies of any of these 
populations (Fig. 3B and D).

Asthma does not associate with altered lung or gut microbiome composition 
and diversity
Given that (i) we observed severe asthma associated with reduced NCR+ILC3s in the lung and 
(ii) these cells are known to regulate host-commensal homeostasis (40), we asked whether 
asthma associates with changes in the airway commensal bacteria. Thus, we first assessed 
the alpha-diversity of the microbiomes in the sputum of HC and asthma patients by counting 
OTUs and using the Shannon and Simpson indices. The 2 groups did not differ in terms of 
airway microbiome diversity (Fig. 4A). Compositional differences in the airway microbiome 
were then assessed by using PCoA, but the HC and asthma patients did not form distinct 
clusters (Fig. 4B). Similarly, the 2 groups did not differ in terms of the relative abundance of 
microbiome genera (Fig. 4C) or species (Fig. 4D) in the sputum.
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We also conducted similar analyses with the fecal microbiome. Again, the HC and asthma 
patients did not differ significantly in terms of alpha-diversity (Fig. 4E), composition (Fig. 4F), 
or relative abundance of genera or species (Fig. 4G and H).
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data) by Mann-Whitney U test or unpaired t-tests. Each dot represents one human sample.



Diversity of airway microbiome correlated with NCR+ILC3s and normal lung 
function
Since grouping subjects according to strict disease thresholds can obscure relationships 
between study variables, we then used correlation analyses to determine whether airway 
or gut microbiome diversity (as measured by using the OTUs, the Shannon and Simpson 
indices) can affect lung functions. Importantly, we observed that FVC correlated positively 
with both the Shannon and Simpson indices in the sputum (Fig. 5A). Such correlations were 
not observed with fecal microbiome diversity (Fig. 5B). Thus, high lung microbiome diversity 
may be critical for maintaining lung function. By contrast, gut microbiome diversity does not 
seem to participate in lung function.
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Since we noted that low sputum NCR+ILC3 frequencies are associated with severe asthma 
(Fig. 2B-E), we next assessed whether airway microbiome diversity correlates with NCR+ILC3 
frequencies in the lung. Importantly, the NRC+ILC3 frequencies in the sputum correlated 
positively with airway microbiome diversity in the HC (Fig. 5C and Table 2). This supports 
the notion that high NCR+ILC3 cell numbers maintain high airway microbiome diversity. 
However, this correlation turned slightly negative in the non-severe asthma patients and 
became very strongly negative in the severe asthma patients (Fig. 5C and Table 2). Thus, as 
asthma worsened, the relationship between NCR+ILC3 frequencies and microbial diversity 
in the airways changed: microbial diversity dropped as NCR+ILC3 frequencies rose, and this 
change became most pronounced in severe asthma. Such changes were not observed for total 
ILCs, M1, M2, or AMs in the sputum (Table 2). Thus, the microbial diversity: NCR+ILC3 axis 
could serve as an essential indicator of asthma severity.

DISCUSSION

The current study suggests that there is a relationship between the NCR+ILC3s in the healthy 
lung and the airway microbiome and that perturbation of this NCR+ILC3: microbiome axis 
may contribute to the severity of asthma. Up to now, most asthma therapeutics are based on 
a previously well-known type 2, allergic asthma. Therefore, there is a clinically unmet need to 
clarify non-allergic asthma, which is resistant to classical treatments such as corticosteroids 
(41). However, clustering asthmatics based on clinical factors, including smoking, disease 
onset, or atopy, is inaccurate in adult asthmatics. Therefore, predicting and managing asthma 
exacerbations is clinically essential for successful asthma treatment (42). In this regard, 
identifying immune cell profiles and microbiome can be intrinsic predictive markers of asthma.

Many studies have shown that the gut microbiome shapes the development of asthma. For 
example, Herbst et al. (43) showed that when germ-free (GF) mice, which have never been 
exposed to pathogenic or nonpathogenic microorganisms, were sensitized intraperitoneally 
with ovalbumin and then challenged with the same Ag intranasally, they display exaggerated 
TH2 inflammation in the airways compared to specific pathogen-free (SPF) mice. Similarly, 
several studies show that when the gut microbiota of mice are disrupted by antibiotics, 
especially in the perinatal period, the mice exhibit enhanced susceptibility to allergic asthma 
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Table 2. Correlation coefficients and the corresponding P-values showing the relationships between immune cell frequencies in the sputum and the alpha-diversity 
of the microbial communities in the airway in HC and asthma patients
Alpha diversity 
in sputum

Immune 
cells

Correlation Coefficient p-value p-value (adjusted)
HC Non-severe Severe All HC Non-severe Severe All HC Non-severe Severe All

Simpson Index Total ILCs −0.0254 −0.3046 −0.2118 −0.2153 0.9377 0.2345 0.3204 0.1216 0.9377 0.7035 0.4806 0.4809
Shannon Index Total ILCs 0.0972 −0.3322 −0.4063 −0.2734 0.7637 0.1927 0.0488 0.0476 0.9377 0.7035 0.3134 0.4809
Simpson Index NCR−ILC3s −0.2054 −0.2686 −0.1700 −0.1842 0.5218 0.2972 0.4272 0.1868 0.9377 0.7877 0.5243 0.4809
Shannon Index NCR−ILC3s −0.0851 −0.3454 −0.2621 −0.1898 0.7926 0.1746 0.2161 0.1735 0.9377 0.7035 0.4405 0.4809
Simpson Index NCR+ILC3s 0.0723 −0.2562 −0.4402 −0.1254 0.8233 0.3209 0.0313 0.3711 0.9377 0.7877 0.3134 0.5893
Shannon Index NCR+ILC3s 0.2640 −0.1991 −0.3515 0.0037 0.4070 0.4436 0.0921 0.9792 0.9377 0.7899 0.3134 0.9792
Simpson Index M1 −0.0957 −0.3135 −0.1920 −0.2059 0.7674 0.2204 0.3688 0.1390 0.9377 0.7035 0.5241 0.4809
Shannon Index M1 −0.0470 −0.1888 −0.3508 −0.2210 0.8846 0.4681 0.0929 0.1117 0.9377 0.7899 0.3134 0.4809
Simpson Index M2 −0.0265 −0.1002 −0.1141 −0.0842 0.9349 0.7019 0.5954 0.5487 0.9377 0.8390 0.6698 0.7408
Shannon Index M2 0.0940 −0.0212 −0.1210 −0.0365 0.7714 0.9356 0.5734 0.7952 0.9377 0.9356 0.6698 0.8912
Simpson Index AM 0.0293 −0.2318 −0.0953 −0.0889 0.9280 0.3708 0.6577 0.5265 0.9377 0.7899 0.7046 0.7408
Shannon Index AM 0.1114 −0.1506 −0.2228 −0.0941 0.7304 0.5639 0.2954 0.5028 0.9377 0.8013 0.4692 0.7408
The coefficients were calculated both separately for each patient/control group and for all subjects.
Non-severe, patients with non-severe asthma; Severe, patients with severe asthma.



(44,45). Besides, antibiotic use in pregnancy and early life in humans associates with an 
increased risk of recurrent wheeze and asthma in childhood (46,47). However, our current 
results suggest that the lung microbiome is a better indicator than the gut microbiome, 
which reflects asthma status. The gut microbiome does not participate in the relationship 
between NCR+ILC3 frequencies in the lung and asthma severity, rather, the lung microbiome 
plays this role. This is consistent with a growing number of studies that show that the lung 
microbiome participates in the clinical outcomes of asthma (27,48,49). The study by Huang 
et al. (49) on asthma patients who were treated with a standard dose of ICS but continued 
to have symptoms showed that the degree of bronchial hyperresponsiveness associated 
with the bacterial composition in the airways. Similarly, Green et al. (50) reported that the 
relative abundance of Moraxella catarrhalis, Haemophilus, or Streptococcus species in the sputum 
of ICS-resistant asthma patients correlated with worse lung function. Interestingly, they 
also showed that high numbers of these microorganisms in the lung are associated with 
higher sputum neutrophil counts. This suggests that the lung microbiome may participate in 
neutrophilic airway inflammation, which is a severe asthma phenotype that is characterized 
by frequent exacerbations and resistance to current asthma treatments. Although further 
studies using standardized sample collection and analysis protocols are needed to confirm 
these observations, these studies suggest that changes in the structure and function of the 
human airway microbiome may contribute to asthma heterogeneity. All of these gut/lung 
microbiome-related observations together suggest that interventions in the microbiome could 
help manage susceptibility to asthma in early life, TH2-low asthma, particularly neutrophilic 
asthma, and steroid-resistant asthma (25). However, it should be noted that there are still 
little data regarding the precise impact of such interventions on the composition and function 
of the human microbiome, and even less is understood about their putative ability to effect 
clinically meaningful outcomes in asthma patients. Further studies on the relationship 
between the human microbiota and lung-specific immunity are warranted.

Along with the airway microbiome, the recently discovered ILCs are predominantly present 
at mucosal sites and provides novel insights into the regulation and function of the host−
microbial mutualism. Among ILCs, the association between ILC3s and the microbiome 
is of interest. Studies comparing SPF and GF mice reported a decrease in the number of 
intestinal lamina propria NCR+ILC3s in GF mice (51-53). The relationship between NCR+ILC3 
cell numbers and the microbiome is also displayed by the study of Guo et al. (54) using 
RORcCre×Id2fl/fl mice: these mice lack ILC3s and demonstrate greatly impaired resistance to 
colonization with the intestinal mouse pathogen Citrobacter rodentium. Similarly, mice lacking 
the AhR in ILC3s, which have reduced ILC3s, also carried more segmented filamentous 
bacteria (SFB) (55). Therefore, the ILC3s may be involved in the SFB colonization that can 
induce TH17-inflammatory responses (56).

In the current study, we did not observe any differences between HC and asthma patients 
in terms of lung or gut microbial diversity or phylum composition. However, we did find 
that decreased lung function (FVC) is associated with reductions in both the frequency of 
NCR+ILC3s in the sputum and the microbial diversity in the lung. These data suggest that 
low NCR+ILC3 numbers in the lung may lead to low microbial diversity and this increases 
asthma severity. This notion is supported by several studies on the role of NCR+ILC3s and 
their hallmark cytokine, IL-22, in protecting the host from intestinal infections. Thus, Satoh-
Takayama et al. (53) showed that by secreting IL-22, NCR+ILC3s promote intestinal barrier 
integrity and the proliferation of intestinal epithelium. Zenewicz et al. (57) then showed 
that IL-22-deficient mice exhibit dysbiosis of the colonic microbiota that enhances their 
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susceptibility to experimentally induced colitis. Since studies on the relationship between 
asthma, commensal microbiota, and immune cells (especially ILCs) are very scarce, greater 
research effort on this issue is warranted. In particular, it will be important to examine this 
relationship in specific asthma phenotypes/endotypes since several studies show that asthma 
patients have different lung and gut microbial profiles than HC (58-61).

In summary, we investigated the airway microbiome of HC and asthma patients with 
differing disease severity. While the HC and asthma patients did not differ in terms of 
microbial diversity at the genus and species level, airway microbial diversity correlated 
positively with lung function. Lung function also correlated positively with NCR+ILC3 
frequencies in the sputum. Moreover, NCR+ILC3s were significantly decreased with the 
severity of asthma and specifically interacted with microbiome diversity in the sputum. 
Thus, these results suggest that NCR+ILC3 may play a critical role in maintaining a healthy 
microbiota in the airways. Notably, the decreased NCR+ILC3 frequencies and microbial 
diversity in the airway could serve as candidate markers of severe asthma. Further studies 
validating the causal relationships in the lung microbiome-immune cell axis may provide 
critical clues regarding microbiome-based therapeutic approaches for refractory asthma.
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