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Take home message 

Regnase-1 controls the proliferation and activation of ILC2, which thereby attenuates lung 

fibrosis in mice. In humans, lower Regnase-1 level correlates with more abundant ILC2 

number, which potentially associates with the prognosis of IPF patients. 
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Abstract 

Regnase-1 is an RNase critical for posttranscriptional control of pulmonary immune 

homeostasis in mice by degrading immune-related mRNAs. However, little is known about 

the cell types Regnase-1 controls in the lung, and its relevance to human pulmonary diseases.  

Regnase-1-dependent changes in lung immune cell types were examined by a 

competitive bone marrow transfer mouse model, and group 2 innate lymphoid cells (ILC2s) 

were identified. Then the associations between Regnase-1 in ILC2s and human diseases were 

investigated by transcriptome analysis and a bleomycin-induced pulmonary fibrosis mouse 

model. The clinical significance of Regnase-1 in ILC2s was further assessed using 

patients-derived cells. 

Regnase-1-deficiency resulted in the spontaneous proliferation and activation of 

ILC2s in the lung. Intriguingly, genes associated with pulmonary fibrosis were highly 

upregulated in Regnase1-deficient ILC2s compared with wild-type, and supplementation of 

Regnase-1-deficient ILC2s augmented bleomycin-induced pulmonary fibrosis in mice. 

Regnase-1 suppresses mRNAs encoding transcription factors Gata3 and Egr1, which are 

potent to regulate fibrosis-associated genes. Clinically, Regnase-1 protein levels in ILC2 

negatively correlated with the ILC2 population in bronchoalveolar lavage (BAL) fluid. 

Furthermore, idiopathic pulmonary fibrosis (IPF) patients with more than 1500 cells/ml 

peripheral blood ILC2s exhibited poorer prognosis than patients with lower numbers, 

implying the contribution of Regnase-1 in ILC2s for the progression of IPF. 

Collectively, Regnase-1 was identified as a critical posttranscriptional regulator of the 

pro-fibrotic function of ILC2s both in mouse and human, suggesting that Regnase-1 may be a 

novel therapeutic target for IPF. 



 

 

Introduction 

A variety of immune cell types resides in the lung, and they coordinately eliminate pathogens 

or enhance recovery from the injury[1]. Immune cells are regulated through transcriptional 

and posttranscriptional mechanisms[2, 3]. Regnase-1, also known as ZC3H12A or MCPIP1, 

is vital for posttranscriptional immune regulation by acting as an RNase degrading mRNA 

such as Il6 or Icos through the recognition of stem-loop structures in its 3′ untranslated 

regions (3′UTR)[4-6]. Regnase-1 deficiency in mice results in the aberrant activation of 

immune cells and development of systemic inflammatory diseases[4]. Particularly, 

Regnase-1-deficient mice show a massive infiltration of various immune cells in the lungs[4, 

7, 8]. However, cells intrinsically regulated by Regnase-1 remain unclear except for a study 

showing its role in the activation of Th2 cells and allergic inflammation via Gata3 

regulation[7]. In humans, decreased Regase-1 expression potentially contributes to the 

pathogenesis of psoriasis[9] and enhanced antitumor T cell activity[10]. However, little is 

known about the clinical significance of Regnase-1 in the lungs.  

Dysregulation of the immune system causes a number of pulmonary disorders such as 

asthma and pneumonia[1]. In addition, the immune system contributes to the progression of 

pulmonary fibrotic diseases including idiopathic pulmonary fibrosis (IPF) [11]. Particularly, 

type 2 immunity plays an important role in IPF through the production of cytokines including 

IL-4, IL-5 and IL-13[12, 13]. These cytokines act on the fibroblasts to enhance collagen 

production and promote fibrosis. However, immune cell types responsible for the progression 

of fibrosis are yet to be clarified. 

 Group 2 innate lymphoid cells (ILC2s) were reported to be major sources of IL-5 and 

IL-13 in the lungs[14, 15]. Owing to this cytokine-producing capacity, ILC2s largely 

contribute to the development of bronchial asthma[16, 17]. In addition, recent studies implied 

that ILC2s are involved in the pathogenesis of pulmonary fibrosis[17-20]. However, the role 



 

 

of ILC2s in pulmonary fibrosis and their regulatory mechanisms are largely unknown. 

 In this study, we investigated cell types intrinsically regulated by Regnase-1 in the 

lung, and discovered ILC2s. Lack of Regnase-1 in ILC2s worsened experimental pulmonary 

fibrosis, consistent with the control of genes related to pulmonary fibrosis by Regnase-1 in 

ILC2s. Furthermore, the human Regnase-1 protein levels inversely correlated with the 

number of ILC2s in the bronchoalveolar lavage (BAL), and the increased number of blood 

ILC2s was an independent factor for poor prognosis in IPF patients.  



 

 

Methods 

Mice and cell lines 

Regnase-1–/–
, Rag2–/–

, Il2rg–/–
 and CD45.1 congenic mice were previously described[4, 5, 21, 

22]. Regnase-1–/–
 mice and CD45.1 congenic mice were maintained on a C57BL/6 

background. Regnase-1–/–
 mice crossed with Rag2–/–

 (Regnase-1–/–Rag2–/–
) and Rag2–/–

 mice 

crossed with Il2rg–/–
 (Rag2–/–Il2rg–/–

) mice were generated and maintained on a Balb/c 

background. All mice were grown under specific pathogen-free environments, and mice at 

ages between 7 and 12 weeks were subjected to the analysis. The sex of mice is summarized 

in supplementary table S1. The animal experiments were performed with the permission from 

the Kyoto University Animal Experimentation Committee (120002). Regnase-1-deficient and 

parental Jurkat cells were described previously[23].  

 

Clinical study design 

We performed an observational cohort study which included consecutive patients who were 

diagnosed as IPF at Kyoto University Hospital from May 2013 to February 2018. The 

diagnosis of IPF was made according to the international guideline[24] and confirmed to 

meet the current criteria[25]. Patients who had complications of acute infection, acute 

exacerbation of IPF, pneumothorax or active malignancies at the time of sample collection 

were excluded from the study. The day of sample collection was set as the baseline. For the 

analyses of ILC2s in the BAL, the patients who underwent BAL screening as a systemic 

evaluation under the suspicion of sarcoidosis and were proven to have no abnormality in the 

lung were included as control subjects. The study was approved by the Kyoto University 

Hospital Institutional Review Board (G0296 and G1059). 

Further details of experimental methods, clinical data collection and statistical analyses are 

described in the supplementary material.  



 

 

Results 

Regnase-1 deficiency drastically increases lung ILC2s in a cell-intrinsic manner 

To identify the lung immune cell populations that are cell-intrinsically controlled by 

Regnase-1, we took advantage of the competitive bone marrow (BM) transfer model 

(supplementary method and supplementary figure S1A). The proportion of CD45.2 

Regnase-1–/– 
ILC2s (defined as lineage

–
CD45

+
T1/ST2

+
Sca-1

+
KLRG1

+
 lymphocytes, figure 

1a), but not ILC1 or ILC3, was significantly higher than that of CD45.1 wild-type (WT) cells 

(figure 1b). As the expression pattern of surface markers of ILC2s potentially varies [26], the 

expression of ILC2 markers on lineage
–
CD45

+
 cells was compared using t-distributed 

stochastic neighbor embedding (t-SNE) [27, 28]. A cell cluster exhibiting high-expression 

levels of T1/ST2, Sca-1 and KLRG1 was identified among the 3 clusters obtained by the 

analysis (figure 1c), and the cluster is consistent with ILC2s we initially defined (figure 1a). 

Both WT and Regnase-1–/– 
cells were found in the cluster, though the numbers of 

Regnase-1–/– 
ILC2s were much more than the WT (figure 1d). The WT and Regnase-1–/– 

ILC2 clusters also express other markers for ILC2s such as c-kit and CD127 (IL-7R), 

whereas the expression levels of CD25 and Thy1.2 levels were decreased in Regnase-1–/– 

ILC2s (figure 1e). In addition to ILC2s, populations of effector/memory CD4
+
 T cells and 

Th2 cells (CD3
+
CD4

+
GATA3

+
 cells) were elevated with Regnase-1 deficiency, suggesting 

that Regnase-1 regulates the number of type 2 immune cells in a cell-intrinsic manner (figure 

1b and supplementary figure S1B). When type 2 effector cells were examined, Regnase-1 

deficiency increased the basophils, but not eosinophils or mast cells (figure 1b). Conversely, 

an increase of CD45.2 Regnase-1–/–
 ILC2 population in fat-associated lymphoid cells was not 

found compared with CD45.1 WT cells, indicating the tissue specific feature of ILC2s 

increase in the absence of Regnase-1 (supplementary figure S2). 

 The number of ILC2 was also increased in the lung of Regnase-1–/–
 mice (figure 1f). 



 

 

When we generated mice lacking both Regnase-1 and Rag2, a significant increase in ILC2s 

was observed in the lung or BAL fluid in the absence of Regnase-1 indicating that the 

increase of Regnase-1-deficient ILC2s does not depend on the secondary effect of T cell 

activation (figure 1g). Next, the eosinophils in the lungs were examined, which are known to 

be elicited by ILC2s and Th2 cells. We found that eosinophils were highly increased in the 

lungs of Regnase-1–/– 
mice (figure 1h). The increased numbers of eosinophils in the lungs and 

the BAL of Regnase-1-deficient mice were observed even when the mice lacked T cells due 

to Rag2 deficiency (figure 1i and supplementary figure S3), suggesting the critical role of 

Regnase-1 in ILC2s for eosinophilic inflammation. 

 

Regnase-1 regulates ILC2 proliferation and activation 

We next examined if Regnase-1 controls ILC2 proliferation or cell death using the 

competitive transfer model. The expression of a proliferation marker Ki-67 was significantly 

higher in Regnase-1-deficient ILC2s compared with WT ILC2s (figure 2a). In contrast, there 

was no difference in the levels of a cell viability marker (figure 2b), indicating that Regnase-1 

negatively regulates the cell proliferation, but not death, of ILC2s.  

We then investigated whether this enhanced proliferation is recapitulated in ILC2s 

cultured in vitro. We sorted ILC2s from the lung of WT and Regnase-1–/–
 mice, then cultured 

them with IL-2 and IL-7, a culture condition inducing homeostatic expansion of ILC2s[26], 

Unexpectedly, both WT and Regnase-1–/–
 ILC2s proliferated to produce similar numbers of 

cells after 5 days of culture (figure 2c), suggesting that IL-2 and IL-7 are not sufficient to 

evoke enhanced proliferation induced under Regnase-1 deficiency in vivo. 

To further characterize the effect of Regnase-1 deficiency in ILC2 activation, we 

evaluated ILC2-signature surface molecules on the ILC2s. Interestingly, the expression levels 

of ICOS and KLRG1 were significantly upregulated in Regnase-1-deficient ILC2s in the 



 

 

competitive BM transfer model or in Rag2–/–Regnase-1–/–
 mice (figure 2d and supplementary 

figure S4). ICOS stimulation promotes the proliferation of ILC2s by stabilizing STAT5 

phosphorylation[29], and Icos mRNA is directly degraded by Regnase-1[5]. In contrast, it 

was shown that KLRG1 stimulation did not induce the proliferation of ILC2s[30]. Therefore, 

we hypothesized that Regnase-1 suppresses the proliferation of ILC2s through the 

downregulation of ICOS. To exclude the contamination of T cells which also express ICOS, 

we used Rag2–/– 
mice and Rag2–/–Regnase-1–/–

 mice for the purification and culture of ILC2. 

Treatment with an ICOS-stimulating antibody significantly increased the number of cultured 

Regnase-1-deficient ILC2s compared with WT (figure 2e), accompanied by the augmentation 

of STAT5 phosphorylation (figure 2f). These data indicate that the Regnase-1-mediated 

ICOS downregulation contributes to the maintenance of ILC2 numbers in the lung. 

Regnase-1-deficient ILC2s were also found to show decreased expression of Thy1.2 (figure 

2d), which suggested the activation of ILC2s[30, 31]. The secretion of ILC2-signature 

cytokines such as IL-5 and IL-13 as well as IL-6, which is the established target of Regnase-1, 

was elevated in cultured Regnase-1-deficient ILC2s (figure 2g). These data demonstrate that 

Regnase-1 is important not only for controlling the numbers of ILC2s but also for 

maintaining quiescent status of ILC2s in the steady state condition[30, 31]. Collectively, 

these data demonstrate that Regnase-1 is important not only for controlling the numbers of 

ILC2s but also for maintaining quiescent status of ILC2s. 

 

Regnase-1-deficient ILC2s promote pulmonary fibrosis 

We next investigated the relevance of Regnase-1 expressed in ILC2s in pulmonary diseases. 

For this purpose, we simultaneously isolated WT and Regnase-1-deficient ILC2s from the 

lung of competitively transferred mice, and performed transcriptome analysis. We found 289 

differentially expressed genes (DEGs) between WT and Regnase-1-deficient ILC2s. Among 



 

 

them, 221 genes showed increased expression in Regnase-1-deficient ILC2s compared with 

WT ILC2s (hereafter “upregulated genes”) (figure 3a and supplementary table S3 and S4). 

The upregulated genes included cytokines such as Il4, Il5, Il6 and Il13 (figure 3b). We then 

analyzed the associations between the upregulated genes and pulmonary diseases by using 

Comparative Toxicogenomics Database (CTD)[32]. Consistent with the activation of ILC2s, 

genes categorized to “Asthma”[33, 34] were significantly enriched (figure 3c and 

supplementary table S5). In addition, the genes categorized to “Pulmonary Fibrosis” were 

also highly enriched (figure 3c and supplementary table S5). Analysis with human 

orthologues of the upregulated genes reproduced the same set of diseases (supplementary 

figure S5A). While “Pulmonary Fibrosis” and “Asthma” related genes overlapped each other 

(supplementary table S6), “Pulmonary Fibrosis”-specific genes and overlapping genes were 

significantly more frequent compared with “Asthma”-specific genes (figure 3d), implying 

that Regnase-1 regulates “Pulmonary Fibrosis”-related genes more broadly than 

“Asthma”-related genes. These data suggest the association of Regnase-1 in ILC2s with 

pulmonary diseases especially fibrosis. 

Therefore, the relationship between Regnase-1 in ILC2s and pulmonary fibrosis in 

mice was investigated. First, RT-qPCR analysis revealed that bleomycin treatment decreased 

Regnase-1 expression in lung ILC2s, suggesting that Regnase-1 expression is decreased 

following the development of pulmonary fibrosis in mice (figure 3e). Then we intratracheally 

administered bleomycin in Rag2–/–Il2rc–/–
 mice, which lack all mature T cells, B cells and 

ILCs, followed by the intratracheal transfer of cultured ILC2s derived from 

Regnase-1–/–Rag2–/–
 or control (Rag2–/–

) mice[22] (supplementary method and supplementary 

figure S5B). Mice receiving Regnase-1-deficient ILC2s (KO-transfer) exhibited more severe 

fibrotic lesions compared with mice without ILC2 transfer (NO-transfer) or receiving the 

transfer of control ILC2s (WT-transfer) (figures 3f and g). In addition, collagen deposition in 



 

 

the lung as well as the levels of IL-4 and IL-13, potent inducers of fibrosis[35], were elevated 

in the BAL fluid of mice receiving Regnase-1-deficient ILC2s (figure 3g, figure 3i and 

supplementary table S2). Collectively, these data indicate that Regnase-1 expressed in ILC2s 

is critical for the regulation of pulmonary fibrosis in mice. 

 

Regnase-1 negatively regulates the expression of genes associated with pulmonary 

fibrosis 

Since fibrosis-associated genes Il4 and Il13 are not directly degraded by Regnase-1, we 

hypothesized that Regnase-1 primarily regulates the transcriptional program(s) of ILC2s 

which subsequently control cytokines and fibrosis-associated genes. To identify the 

Regnase-1-regulated transcriptional programs, we employed two approaches. First was the 

analysis on the association between the upregulated genes and CGAP BioCarta Pathways[36, 

37], which revealed a significant enrichment of the GATA3 pathway, which is critical for the 

regulation of IL-4, IL-5 and IL-13 (figure 4a)[38]. Intriguingly, Gata3 mRNA levels were 

significantly increased in Regnase-1-deficient ILC2s (figure 4b), which is consistent with the 

previous report that Gata3 mRNA is a direct target of Regnase-1[7]. As the second approach, 

we screened transcription factor binding sites of upregulated genes associated with 

“Pulmonary Fibrosis" in CTD (see supplementary methods), and isolated a set of 

transcription factors potentially regulating pulmonary fibrosis-associated genes (figure 4c and 

supplementary table S7). Among identified transcription factors, the expression of Egr1, 

Nfkb1 and Fos was significantly increased in Regnase-1-deficient ILC2s (figure 4d and 

supplementary table S8). Especially, the expression level of Egr1 was more than 60-times 

higher in Regnase-1-deficient ILC2s (figure 4d). A luciferase reporter harboring Egr1 3′

UTR was suppressed by the overexpression of WT, but not nuclease activity-inactivated 

mutant (D141N), Regnase-1 (figure 4e), indicating that the Egr1 mRNA is directly degraded 



 

 

by Regnase-1. Taken together, pro-fibrotic function of ILC2s in the lung is critically 

suppressed by Regnase-1 via the post-transcriptional regulation of transcriptional networks 

including GATA3 and EGR-1. 

 

Regnase-1 expression levels negatively correlate with the ILC2 population in human 

BAL 

These results prompted us to investigate the clinical significance of Regnase-1-mediated 

regulation of ILC2s in IPF patients. Human ILC2s were defined as 

CD45
+
lineage

–
CD127

+
CRTH2

+
CD161

+
 cells (supplementary figure S6). We analyzed 

Regnase-1 expression levels in BAL ILC2s from IPF patients and control subjects by newly 

generating a flow cytometry-based method of intracellular Regnase-1 staining 

(supplementary method, supplementary figure S7A-C and supplementary table S9). 

Interestingly, a significant negative association was found between Regnase-1 expression 

levels and the population as well as the number of ILC2s in BAL (figure 5a and 

supplementary figure S8), suggesting that Regnase-1 regulates ILC2 numbers in the lungs 

both in mouse and human. However, Regnase-1 expression levels or ILC2 populations were 

not significantly different between IPF patients and controls (figure 5b and c). Whether BAL 

ILC2 populations were associated with the clinical course among IPF patients was then 

investigated. We found that ILC2 populations in BAL tend to be increased in IPF patients 

who exhibited complications with disease progression within 1 year, although the difference 

did not reach statistical significance (figure 5d). 

 

High number of peripheral blood ILC2s predicts poor prognosis in IPF patients  

Although ILC2s are considered tissue resident, the number of ILC2s in the peripheral blood 

is suggested to correlate with the local inflammatory conditions contributing the increase in 



 

 

ILC2[34, 39]. Therefore, to increase the number of patients, we quantified the number of 

ILC2s in the peripheral blood of IPF patients and analyzed the association between the 

clinical indices. We found that ICOS expression levels were positively associated with the 

number of blood ILC2s in IPF patients (figure 6a). However, no statistically significant 

correlations were found between peripheral blood ILC2 numbers and pulmonary function 

indices (figure 6b). Also, no correlations were observed between the ILC2 numbers and 

plasma levels of IL-4, IL-5 and IL-13 (supplementary figure S9A). These results suggest that 

the peripheral blood ILC2s do not reflect the intensity of systemic type 2 inflammation 

among IPF patients. 

We next analyzed the associations between peripheral blood ILC2s and the survival of 

IPF. Based on a receiver operating characteristic curve to identify respiratory death 

(supplementary figure S9B), we divided patients into two groups according to a peripheral 

blood ILC2 number of 1500 cells/ml. Patients with ILC2s ≥ 1500 cells/ml showed 

lower %FVC, but otherwise the two groups showed no significant differences (table 1). 

Notably, patients with peripheral blood ILC2s ≥ 1500 cells/ml showed strikingly worse 

respiratory mortality and all-cause mortality (figure 6c). The three-year survival rates of the 

patients with the higher and lower ILC2 numbers were 0.239 and 0.734, respectively. By 

setting these values, the power of analysis was calculated as 0.891. Death due to chronic 

respiratory failure was significantly common among the patients with peripheral blood ILC2s 

≥ 1500 cells/ml (supplementary table S10). These data suggest that higher ILC2 numbers in 

the blood are associated with the disease severity and poor prognosis. 

 To further investigate whether ILC2s could predict prognosis independent of other 

confounding factors, we performed univariate and multivariate analyses for respiratory 

mortality. In univariate analysis, ILC2s ≥ 1500 cells/ml, %FVC, %predicted diffusion lung 

capacity of carbon monoxide (%DLco) and the lowest saturation of peripheral O2 (SpO2) 



 

 

value in the 6-minute-walk test (6MWT) were significantly associated with the respiratory 

mortality. On the other hand, multivariate analysis revealed that the peripheral blood ILC2 

number ≥ 1500 cells/ml was the independent factor for respiratory mortality, while other 

factors except the lowest SpO2 value in the 6MWT failed to remain as significant factors 

(table 2). These data suggest that an increase in the number of peripheral blood ILC2s can 

correlate with IPF disease severity, and is an independent and strong predictive factor for 

survival (supplementary figure S10). 



 

 

Discussion 

In this study, we discovered that Regnase-1 is critical for the regulation of proliferation and 

activation of ILC2s, and inhibition of pulmonary fibrosis progression. Compared with the 

roles of ILC2s in allergic diseases such as bronchial asthma, a small number of studies have 

focused on their significance in pulmonary fibrosis, and the regulatory mechanisms for 

pro-fibrotic functions is largely unknown[40]. In this regard, mice lacking Regnase-1 is a 

novel mouse model for the functional analysis of ILC2s in suppressing pulmonary fibrosis. 

Although Regnase-1 degrades a set of cytokine genes, such as Il6, Il12b and Il2 in 

macrophages and T cells, it fails to recognize Il4 and Il13 genes[5], which are abundantly 

produced by ILC2s. Instead, Regnase-1 seems to regulate these cytokines via suppression of 

transcription factors such as Gata3 and Egr1. It has been shown that increased GATA3 

expression promoted the production of IL-4, IL-5 and IL-13 in ILC2s[38]. These cytokine 

genes were included in the categories of both pulmonary fibrosis- and asthma-associated 

genes in CTD, suggesting that increased GATA3 expression contributes to the development 

of both diseases[35]. A very recent paper reported that Regnase-1 degradation in ILC2 

through IL-25 or IL-33 stimulation enhanced papain-induced respiratory tract inflammation, 

which indicates the relationship between Regnase-1 in ILC2s and asthma [41]. On the other 

hand, Donovan et al. reported that exposure of Rorafl/fl
 Il7rCre

 mice, which lack ILC2s, to 

cigarette smoking showed increased Il13 expression and collagen deposition, though they are 

protected from emphysema [42]. Thus, the functions of ILC2s in the lungs may be different 

depending on the disease models, though further studies are required to uncover the precise 

mechanisms how ILC2s contribute to these lung diseases. 

In addition to GATA3, we discovered that Regnase-1 profoundly suppressed Egr1 

mRNA expression via the 3′UTR. Previous studies showed that EGR-1 enhances the 

transcription of various fibrosis-associated genes such as Tgfb1[43, 44]. Indeed, we found 



 

 

that the mRNA levels of Tgfb1 in Regnase1-deficient ILC2s were much higher than WT 

ILC2s, although they failed to show statistical significance owing to the large deviation 

(Supplementary table S3). Thus, it is plausible that Regnase-1 regulates the pro-fibrotic 

function of ILC2s by modifying transcriptional networks including GATA3 and EGR-1, 

though further studies are required to uncover the entire transcriptional and 

post-transcriptional gene expression networks that control pulmonary fibrosis via ILC2s.  

We found that Regnase-1 regulates the number of lung ILC2s in a cell-intrinsic 

manner in mice by controlling the ICOS expression. While ICOSL was shown to be 

expressed on myeloid cells such as the dendritic cells and macrophages or ILC2s [29] [45], 

this study found that ICOSL expression on ILC2s was much lower than the myeloid cells in 

the lungs (data not shown). Therefore, ILC2 proliferation likely requires additional ICOS 

stimulation via cells expressing ICOSL or the supplementation of ICOS-stimulating antibody 

even in the absence of Regnase-1. On the other hand, ICOS-stimulating antibody did not 

enhance the proliferation of WT ILC2s. We speculate that Regnase-1 controls the threshold 

of responses to ICOS stimulation in ILC2s by suppressing the expression of ICOS and its 

signaling molecules, though further studies are required to elucidate the detailed mechanism. 

Furthermore, the ILC2 population in human BAL was negatively correlated with 

Regnase-1 expression levels, suggesting that Regnase-1-mediated regulation of the ILC2 

number in the lung is shared between mice and humans. Considering that ILC2s could 

promote fibrosis and that a high number of ILC2s was associated with poor prognosis among 

IPF patients, it is suggested that an inadequate activation and proliferation of ILC2s 

accelerates the progression of IPF. We also discovered that ICOS expression on the surface 

of blood ILC2s was positively correlated with the number of ILC2s, which evokes us the 

speculation that enhanced ICOS signaling contributes to an increased number of ILC2s in IPF 

patients. Because Regnase-1 restricts ILC2 proliferation potentially through suppressing 



 

 

ICOS expression via the 3′UTR[5], the Regnase1–ICOS axis might play a role in the 

regulation of blood ILC2s in IPF patients. In addition, Regnase-1 can critically restrict the 

pro-fibrotic function of ILC2s, therefore the stabilization of Regnase-1 in ILC2s may have a 

therapeutic property. In future studies, it is expected that an interventional method to induce 

Regnase-1 expression in vivo will be established and its efficacy in protection against 

pulmonary fibrosis will be evaluated.  

The limitation of this study is that the number of clinical samples available was quite 

small, which reduced the validity of the clinical data in this study. Especially, it is desired to 

validate the cutoff value of peripheral blood ILC2 number for the prediction of prognosis 

among IPF patients by using an independent cohort. To overcome this limitation, conducting 

prospective studies with larger number of cases are expected to be done to elucidate the 

clinical significance of Regnase-1 and ILC2s in IPF. 

Despite these limitations, this study showed for the first time that Regnase-1 regulates 

the proliferation and profibrotic function of ILC2s in the lungs, and an increase in the number 

of ILC2s in the blood was associated with poor survival, suggesting that Regnase-1 is a 

critical posttranscriptional regulator of the profibrotic function of ILC2s both in mouse and 

human. Further studies are required to confirm the clinical significance of ILC2s in IPF with 

a larger cohort and to evaluate the therapeutic potential of Regnase-1 stabilization for ILC2s. 
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Table 1. Background of cases in the analysis of ILC2s in peripheral blood 

  ILC2 ≦1500 (n = 37) ILC2 > 1500 (n = 11) P-value 
Male sex, n 33 (89.2)   9 (81.8)  0.609 
Age, years 73.00 [69.00, 79.00]  71.00 [67.50, 75.50] 0.350 
Never smoker, n  3 (8.3)   0 (0.0)  >0.99 
Brinkman index 740.00 [460.00, 1055.00] 900.00 [655.00, 1840.00] 0.175 
Diabetes Mellitus, n  11 (29.7)   4 ( 36.4)  0.720 
Bronchial Asthma, n  4 (10.8)   1 (9.1)  >0.99 
Pirfenidone usage, n  6 (16.2)   5 ( 45.5)  0.095 
Corticosteroid usage, n   3 (8.1)   1 (9.1)  >0.99 
PaO

2
, mmHg 82.80 [74.90, 93.70]  77.80 [68.85, 80.20] 0.128 

PaCO
2 

,mmHg 39.10 [36.30, 40.40]  41.40 [38.20, 42.60] 0.113 
%FVC, %   87.90 [82.40, 105.30]  72.90 [63.10, 87.20] 0.010 
%DLco, % 43.30 [34.20, 53.20]  42.00 [36.40, 47.43] 0.594 
%FEV1, % 90.20 [82.20, 103.40]  77.90 [66.75, 92.80] 0.032 
FEV1/FVC, %   81.19 [77.39, 85.21]  83.57 [78.26, 86.72] 0.454 
Composite Physiologic Index 46.41 [34.93, 55.64]  50.98 [43.31, 61.05] 0.138 
6MWT distance, m 479.00 [412.00, 532.00] 420.00 [357.50, 469.50] 0.116 
Lowest SpO

2
 in 6MWT, %   86.50 [82.75, 90.00]  88.00 [77.50, 91.00] 0.548 

SP-D, ng/ml 213.00 [108.00, 353.00] 285.00 [242.00, 479.00] 0.031 
KL-6, U/ml 726.00 [621.00, 1190.00] 986.00 [472.00, 1535.00] 0.787 
Death, n 12 (32.4)   6 (54.5)  0.288 
Respiratory death, n  9 (24.3)   6 (54.5)  0.095 
FVC: forced vital capacity, DLco: diffusion lung capacity of carbon monoxide,  

FEV1: forced expiratory volume in one second 

6MWT: 6-minute walk test. SpO2: saturation of peripheral O2  

PaO2: partial pressure of O2, PaCO2: partial pressure of CO2 

Data are shown as number (%) or median [lower, higher interquartile range]. 

Fisher‟s exact test and Mann-Whitney U-test were used for analyses 



 

 

Table 2. Univariate and multivariate analysis for respiratory mortality 

Factor Hazard ratio ( 95%CI) P-value 

Univariate analysis 

ILC2 > 1500 cells/ml 4.21 (1.45 – 12.19) 0.008 

Age 1.00 (0.92 – 1.08) 0.938 

Male sex 0.44 (0.12 – 1.57) 0.206 

Corticosteroid usage 2.38 (0.67 – 8.46) 0.182 

%FVC 0.95 (0.92 – 0.99) 0.006 

%DLco 0.91 (0.86 – 0.97) 0.002 

PaO
2
 0.97 (0.93 – 1.00) 0.062 

Brinkman index 1.00 (0.99 – 1.00) 0.484 

6MWT SpO
2
 minimum 0.88 (0.82 – 0.94) < 0.0001 

Multivariate analysis (Stepwise) 

ILC2 > 1500 cells/ml 7.17 (1.66 - 30.97) 0.008 

Brinkman index 1.00 (0.99 - 1.00) 0.082 

PaO
2
 1.06 (0.98-1.13) 0.130 

6MWT SpO
2
 minimum 0.74 (0.62-0.88) 0.0008 

FVC: forced vital capacity, DLco: diffusion lung capacity of carbon monoxide, 

SpO2: saturation of peripheral O2, PaO2: partial pressure of O2 

95%CI: 95% confidence interval, 6MWT: 6-minute walk test. 

Cox proportional hazards test was used for the analyses 

 

 



 

 

Figure legends 

Figure 1. Regnase-1 negatively regulates the proliferation of ILC2 in a cell-intrinsic 

manner 

(a) Representative figure for gating of ILC2s by flow cytometry. The identification of ILC2s 

in the lung of mice was done with CD45
+
Lineage

–
T1/ST2

+
KLRG

+
Sca-1

+
 cells. Doublet 

depletion was done by the analysis of FSC-A/FSC-H and SSC-A/SSC-H. (b) Ratio of a 

CD45.1
+
 (WT mice derived) and CD45.2

+
 (Regnase-1–/–

 mice derived) population among 

each of cell type (n = 3-5). Data are the integrated numbers of two independent experiments.  

(c) A t-SNE analysis and subsequent clustering of CD45
+
Linage

–
Ghost-dye

–
 cells in the lung 

following competitive BM transfer. The encircled population corresponds with ILC2. (d) 

Comparison of CD45.1
+ 

(WT mice-derived, blue) and CD45.2
+
 (Regnase-1–/– 

mice-derived, 

red) CD45
+
Linage

–
Ghost-dye

–
 cells by t-SNE analysis. The encircled population corresponds 

with ILC2. (e) Histograms of expression  of c-Kit, CD127, CD25 and Thy1.2 on WT and 

Regnase-1–/–
 ILC2s. (f, h) Total number of ILC2s (f) or eosinophils (h) in the lung of WT 

mice (n = 4) and Regnase-1–/–
 mice (n = 3). Data are the representative of two independent 

experiments. (g, i) Comparison for the total number of ILC2s (g) or eosinophils (i) in the lung 

(left panel, n = 5) and BAL (right panel, n = 4) in the lung of Rag2–/– 
mice and 

Regnase-1–/–Rag2–/– mice. Data are representative of two independent experiments. Data are 

shown as mean ± SD. Student‟s t-test was used for analyses. 

 

Figure 2. Regnase-1-deficient ILC2s exhibit spontaneous activation 

(a, b) Ratio of the Ki67
+
 population (a) and viability marker (Ghost-dye) (b) among WT 

(CD45.1
+
) and Regnase-1-deficient ILC2s (CD45.2

+
) from the lung of competitively 

transferred mice (n = 6, the integrated numbers of two independent experiments). Data are 

shown as mean ± SD. Student‟s t-test was used for analyses.(c) Ex-vivo cell proliferation of 



 

 

ILC2s isolated from the lung of WT or Regnase-1–/–
 mice cultured with 10 ng/ml 

recombinant mouse IL-2 plus IL-7 (n = 4). On day 1, 5000 cells were seeded and stimulated, 

and on day 5 the numbers of cells were evaluated. Data are representative of two independent 

experiments. (d) Cell surface expression levels of the indicated proteins among WT 

(CD45.1
+
) and Regnase-1-deficient (CD45.2

+
) ILC2s from the lung of competitively 

transferred mice. Expression levels were evaluated by flow cytometry. Data are 

representative of three independent experiments. (e, f) Ex vivo cell proliferation (e) and 

phospho-STAT5 protein levels evaluated by flow cytometry (f) of ILC2s isolated from the 

lung of Rag2–/–
 or  Regnase-1–/–Rag2–/–

 mice cultured with 10 ng/ml recombinant mouse 

IL-2 plus IL-7 supplemented with or without 3 g/ml anti-ICOS stimulating antibody (n = 4). 

On day 1, 5000 cells were seeded and stimulated. On day 5, the number of cells and 

phospho-STAT5 expression levels were evaluated. Data are representative of two 

independent experiments. (g) Concentrations of indicated cytokines in the culture supernatant 

of ILC2s from the lungs of WT or Regnase-1–/–
 mice. In total, 5000 cells were suspended 

with 200 l of medium supplemented with 10 ng/ml recombinant mouse IL-2 and IL-7, 

cultured and samples were collected on day 5. The concentrations were measured by Bioplex. 

MFI: mean fluorescence intensity. 

 

Figure 3. Regnase-1-deficient ILC2s promote pulmonary fibrosis 

(a) Volcano plot comparing the mRNA levels in WT (CD45.1
+
) and Regnase-1-deficient 

(CD45.2
+
) cells among ILC2s in the lung of competitive BM transfer model mice (n = 2). 

Expression levels in CD45.1
+
 cells were regarded as the control, and differentially expressed 

genes (DEGs) were defined as genes with FDR-P-values of < 0.05 and fold changes of < 0.5 

or > 2.0, and highlighted.  (b) Upregulated genes coding cytokines. FDR-P-values and 

fold-changes (expression levels in Regnase-1-deficient ILC2s compared with WT ILC2s) 



 

 

were calculated by edgeR. (c) Top 15 human diseases that are associated with the upregulated 

genes. The Comparative Toxicogenomics Database (CTD) analyzer was used for the analysis. 

(d) Ratio of upregulated genes within “Pulmonary Fibrosis” but not in “Asthma” (categorized 

as Fibrosis only), within “Asthma” but not in “Pulmonary Fibrosis” (Asthma only) or both of 

“Pulmonary Fibrosis” and “Asthma” (Fibrosis & Asthma). Fisher‟s exact test was used for 

the analysis, and Bonferroni‟s adjustment was performed for multiple comparisons.  (e) 

Quantitative PCR analysis for the expression levels of Regnase-1 for ILC2s in the lungs of 

intratracheal bleomycin-treated Rag2– /–  mice. Rag2– /–  mice without bleomycin treatment 

were used as controls (n = 4). Data are shown as mean ± SD. (f and g) Histological images 

(f) and pathological lung fibrosis scores (g) of the bleomycin-induced pulmonary fibrosis 

model mice without cell transfer (No transfer, n = 5) or transferred with ILC2s derived from 

Rag2–/–
 or Regnase-1–/–Rag2–/–

 mice (WT-transfer, n = 5 and KO-transfer, n = 8, 

respectively). Representative images with Hematoxylin and Eosin staining (H&E, upper) and 

Azan staining (lower) are shown in (g). Data are the cumulative of three independent 

experiments. (h) Amount of collagen deposition measured with hydroxyproline assay (n = 7 

for WT-transfer, n = 8 for KO-transfer). Data are the cumulative of three independent 

experiments. (i) Concentrations of indicated cytokines in the BAL fluid of WT-transfer and 

KO-transfer mice. The concentrations were measured by Bioplex. 

Fisher‟s exact test and Student‟s t-test were used for the statistical analyses. For the 

adjustment of multiple comparisons, Holm‟s method was used. 

 

Figure 4. Loss of Regnase-1 induces the expression of genes associated with pulmonary 

fibrosis 

(a) Significantly enriched pathways for DEGs in the BioCarta Pathway. A P-value < 0.05 

was regarded as significant. The analysis was done using DAVID 6.8 Bioinformatics 



 

 

Resources. (b) Comparisons for RPKM values of Gata3 between WT (CD45.1
+
) and 

Regnase-1-deficient (CD45.2
+
) cells. P-values (FDR-P-values) were calculated by edgeR.  

(c) Enriched transcription factor binding motifs associated with the upregulated genes 

categorized in “Pulmonary Fibrosis” in the Comparative Toxicogenomics Database. 

Screening was performed based on the JASPAR and TRANSFAC databases. The analysis 

was done by using Enrichr. Transcription factors with P-values < 0.05 are shown. (d) Fold 

changes of the expression levels for the genes shown in Fig 4, C in Regnase-1 deficient cells 

compared with WT cells. Sp1 is not shown because it had been excluded from the analysis 

due to low RPKM values. (e) Luciferase reporter assay for analyzing Regnase-1 mediated 

suppression of gene expression through the 3´UTR sequence of the indicated genes. Either an 

empty plasmid, murine Regnase-1 or a nuclease-dead mutant (D141N) were transfected into 

HEK293 cells, and luciferase activity was measured on day 2 (n = 3) Data representative of 

two independent studies are shown. Student‟s t-test was used for the analysis. 

 

Figure 5. Regnase-1 expression negatively correlates with the ILC2 population in 

human BAL. 

(a) Correlation between the ratio of ILC2s among the BAL cells and Regnase-1 protein 

expression levels of ILC2s in BAL measured by flow cytometry. (b, c) Comparisons of the 

Regnase-1 protein expression levels of ILC2s in BAL measured by flow cytometry (b) or 

ratio of ILC2s among the BAL cells (c) between controls and IPF patients. (d) Comparisons 

of the ratio of ILC2s among the BAL cells between IPF patients without and with progression 

in 1 year after BAL. Mann-Whitney U-test and Spearman‟s rank correlation test were used. 

 

Figure 6. Associations between the concentrations of ILC2s in peripheral blood and 

clinical indices among IPF patients. 



 

 

(a) Associations between the number of ILC2s in peripheral blood and ICOS protein 

expression levels evaluated as MFI with flow cytometry. (b) Associations between the 

number of ILC2s in peripheral blood and %predicted forced vital capacity (%FVC, upper 

left), %predicted diffusion lung capacity of carbon monoxide (%DLco, upper right) 

or %predicted forced expiratory volume in 1 second (%FEV1, lower). Spearman‟s rank 

correlation test was used for the analysis. (c) Kaplan–Meyer curve for respiratory death (left) 

and all-cause mortality (right). The log rank test was used for the analysis.  MFI: mean 

fluorescence intensity. 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

Supplementary methods 

Preparation of single cell suspension from the lung 

Preparation of single cell suspension from the lung of mice was performed as previously 

described with modification[1, 2]. Briefly, lung samples were cut into pieces with scissors 

and put into serum-free RPMI medium supplemented with 100 g/ml DNase I (Roche 

applied science) and 50 g/ml Liberase TM (Roche applied science). After the incubation for 

40 min at 37°C, EDTA solution (Nacalai Tesque) was added up to the final concentration of 

10 mM, and the samples were further incubated for 10 min at 37°C. After the completion of 

digestion, samples were subjected to GentleMACS™ Dissociator (Miltenyi biotec), and 

filtered with 40 m cell strainer. The filtered samples were centrifuged, and after the removal 

of supernatant, the cell pellets were treated with ACK solution to remove red blood cells. The 

treated samples were washed with RPMI medium containing 10% fetal bovine serum, then 

centrifuged, and pellets were suspended with 30% Percoll solution (GE healthcare). The 

suspended samples were centrifuged for 20 minutes with 2000 rpm at 20 °C, and the cell 

pellets were subjected to flow cytometry. 

 

Flow cytometry analysis 

For flow cytometry analyses, cells were stained with Ghost Dye Violet 510 reagent (Tonbo 

Biosciences) according to the manufacturer’s instruction to exclude dead cells, and then 

treated with antibody cocktail solution containing anti-mouse CD16/CD32 (Biolegend) 

antibody and surface antigen staining antibodies. For the staining of intracellular antigens, 

after the completion of surface staining, cells were fixed and permeabilized with Lyse/Fix 

buffer and Perm Buffer I (BD Pharmingen), and stained with antibodies suspended with Perm 

Buffer III according to the manufacturer’s indication. For the staining of human Regnase-1, 

permeabilized cells were incubated for one hour with anti-human Regnase-1 antibody (1’ 



 

antibody, MAB7875, R&D) suspended up to 1:100 volume/volume ratio with staining buffer, 

then washed with staining buffer and further incubated for one hour with 2’ antibody 

suspended up to 1:100 ratio with staining buffer. Lymphocytes were gated in FSC-A/SSC-A 

scatter plot as FSC-A
low 

SSC-A
low

 cell population. ILC2s in the lungs of mice were isolated 

as lineage
–
 CD45

+ 
T1/ST2

+ 
Sca-1

+ 
KLRG1

+ 
cells, and human ILC2s were isolated as 

lineage
–
CD45

+
CRTH2

+
CD127

+
CD161

+ 
cells (supplementary figures S1B, S6). Lineage 

markers for mouse included CD4, CD5, CD8a, CD3e, CD19, CD49b, Gr-1, Ter119, CD11b 

and CD11c. Lineage markers for human included CD3, CD16, CD19, CD14, CD56 and 

CD20. The antibodies used in this study are listed in supplementary table S11. Data were 

obtained by using LSRFotessa X-20 (BD Biosciences), and sorting was done with FACSAria 

III (BD Biosciences). Data were analyzed with FlowJo 10.5.3 software (FlowJo, LLC). 

 

Competitive bone marrow transfer 

Lethal irradiation (9 Gy/mouse) was performed on CD45.1 congenic mice with C57BL/6J 

background, and the mixed bone marrow cells consisted of C57BL/6J background 

Regnase-1–/– mice and CD45.1 congenic mice in 1:1 ratio were by the intravenously injected. 

The transfered mice were maintained with adding antibiotics (Neomycin 1mg/ml, Polymyxin 

B 1000 U/ml) into drinking water. Six weeks after reconstitution, the analyses were 

performed. Each cell type was identified as follows; neutrophils: GR-1
+
 CD11b

high
 cells, 

macrophages: F4/80
+
 cells, eosinophils: CD11c

–
 SiglecF

+
 cells, dendritic cells: CD11c

+
 MHC 

class II
high

SiglecF
–
 cells, mast cells: IgE

+
C-kit

+
 cells, basophils: IgE

+
C-kit– CD49b

+
 cells, 

effector/memory CD4
+
 T cells: CD4

+
 TCR

+
CD44

+
 cells, naïve CD4

+
 T cells: 

CD4
+
TCR

+
CD44–  cells, effector/memory CD8

+
 T cells: CD8

+
 TCR

+
 CD44

+
 cells, naïve 

CD8
+
 T cells: CD8

+
TCR

+
CD44–  cells, Th2 cells: CD4

+
CD3

+
GATA3

+
 cells, B cells: 

CD19
+
 cells. ILC1s were detected as lineage

–
 CD45

+
 IFN-

+
 lymphocytes and ILC3s were 



 

detected as lineage
–
 CD45

+
 Rort

+
 lymphocytes. 

 

t-SNE analysis and clustering 

We performed t-distributed stochastic neighbor embedding (t-SNE) analysis on CD45
+
Linage

– Ghost-dye–  population as reported previously[3] by using FlowJo 10.5.3 (FlowJo, LLC). 

Events within the gated population was normalized between the mice by using the random 

down sampling plugin with reducing events up to 1000 events/sample. Then the events in all 

the samples were combined by concatenating function of FlowJo, and based on the 

concatenated data we performed the t-SNE analysis. The t-SNE settings were as follows: 

Iteration 1000, Perplexity 20, Eta 200. Based on the calculated t-SNE scores (X and Y), we 

performed clustering by using FlowSOM plugin for FlowJo with setting the number of 

clusters as three[4]. 

 

Bleomycin induced pulmonary fibrosis and adaptive transfer of ILC2s  

ILC2s were isolated from the lungs of Regnase-1
–/–

Rag2
–/–

 or control Rag2
–/–

 mice as 

lineage
–
CD45

+
T1/ST2

+
Sca-1

+
KLRG1

+ 
lymphocytes (fig. 1B) One week before the transfer, 

ex-vivo cultured ILC2s were expanded with 10 ng/ml recombinant mouse IL-2, IL-7 and 

IL-33 (R&D Systems, Minneapolis, Minnesota). Bleomycin sulfate (Sigma Aldrich, St. Louis, 

Missouri) was dissolved with PBS, and the solution was intratracheally injected to 

Rag2–/–Il2rg–/–
 mice at a dose of 0.15 unit/mouse. The next day, 1.5 x 10

5
 ILC2s were 

intratracheally transferred. The lung samples were collected on day 12 after bleomycin 

injection. Lung fibrosis was evaluated by using the modified Ashcroft scale [5, 6].  

 

Ex-vivo culture of ILC2s in the lung 

The sorted ILC2s were seeded on 96 well u-bottom dish at 5000 cells/well concentration, and 



 

cultured with 200 l of RPMI-1640 medium containing 10% volume/volume fetal bovine 

serum, 10 mM HEPES, 100 µM nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml 

penicillin, 100 µg/ml streptomycin, and 50 µM 2-mercaptoethanol supplemented with 10 

ng/ml recombinant mouse IL-2 and IL-7 (R&D systems). The supplementation of 10 ng/ml 

recombinant mouse IL-2 (R&D systems), 10 ng/ml recombinant mouse IL-7 (R&D sytems) 

and 10 ng/ml recombinant mouse IL-33 (R&D sytems) was done as noted in the manuscript. 

Culture media was changed three times a week. For the stimulation of ICOS, 3 g/ml 

anti-ICOS antibody (clone: C398.4A, Biolegend) was used in reference to the previous 

study[7]. 

 

Hydroxyproline assay 

The amount of collagen in the lung tissue was evaluated by hydroxyproline assay 

(Quickzyme Biosciences) according to the manufacturer’s instructions. Briefly, snap-frozen 

lung tissue (30mg) were homogenized with 300 l of distiled deionized water. Then, 300 l 

of 12M HCl was added, mix well, and heated at 95°C for 20 hours. Next, the samples were 

cooled up to room temperature, and the samples were centrifuged for 10 min at 13,000g. The 

supernatant was diluted with 300 μl water. Thirty-five l of diluted samples were applied to 

96-well dish and mixed with 75 l of assay buffer, incubated for 20 minutes at room 

temperature, and 75l of detection reagent was added to the well. After the incubation for 60 

minutes at 60°C, the OD value was read at 570 nm. 

 

Histological analysis 

Mice were euthanized, and the lung were removed, fixed in Mildform® 10N (FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan), embedded in paraffin, and cut into 

4-m-thick sections. Sections were stained with hematoxylin and eosin and Azan-Mallory. 



 

   Lung fibrosis was histologically evaluated by using the modified Ashcroft scale  [5, 6]. 

Briefly, 10 microphotographs were taken from an Azan-Mallory-stained specimen of each 

mouse lung tissue at 20x magnification. Lung fibrosis of each microphotograph was graded 

from 0 to 8 by two histologists familiar with lung histopathology (T.T and S.A) and the 

average score of each mouse lung tissue was calculated. 

 

Multiplex analysis 

Culture medium and BALF samples were immediately frozen at -80 °C until analysis. 

Samples were analyzed according to the manufacturer’s instructions by using Bio-Plex Pro 

Mouse Cytokine 23-plex Assay kit (M60009RDPD, Bio-Rad Laboratories) and Bio-Plex 200 

system.  

 

Luciferase reporter assay 

HEK293 cells were cultured with Dalbecco-Modified Eagle’s Medium (Nacalai Tesque) 

supplemented with 10% fetal bovine serum and 50 M β-mercaptoethanol (Invitrogen). 

Regnase-1 WT and D141N mutant expressing plasmids were previously described[8-10]. For 

the expression of these genes in mammalian cells, pFLAG-CMV2 (SIGMA) was utilized. 

The 3′UTR sequence of the indicated genes were inserted in firefly luciferase expressing 

pGL3 promoter plasmid. With each of the constructed pGL3 promoter plasmid, either of 

plasmid expressing Regnase-1 WT, D141N or empty (control) was transfected 

simultaneously, and Renilla luciferase expressing plasmid was also transfected as an internal 

control. Forty-eight hours after the transfection, the cell lysate was subjected to the 

Dual-Luciferase Reporter Assay system (Promega). Plasmids were transfected into cells by 

using PEI MAX solution (Polysciences, Inc.) according to the manufacturer’s instruction.  

 



 

RT-qPCR analysis. 

Rag2– /– mice were administered with 0.15 U/head bleomycin, and on the day 14 the mice 

were sacrificed. Mice without bleomycin treatment were used for the control. ILC2s were 

isolated from the lung by flow cytometry, and were lysed with TRIzol® reagent (Invitrogen). 

We extracted RNA from the solution, and reverse transcription was performed with ReverTra 

Ace qPCR RT Master Mix with gDNA remover (Toyobo) according to the manufacturer’s 

instruction. The cDNA fragments were subjected to real-time PCR with SYBR® Green PCR 

Master Mix (Applied Biosystems), and evaluated by StepOnePlus Real-Time PCR System 

(Applied Biosystems). The following primer sequences were used: mouse Actinb: (forward) 

５ ʹ- ggctgtattcccctccatcg-3ʹ, (reverse) ５ ʹ-ccagttggtaacaatgccatgt-3ʹ, mouse Regnase-1: 

(forward) ５ʹ- cgagaggcaggagtggaaac-3ʹ, (reverse) ５ʹ-cttacgaaggaagttgtccaggctag -3ʹ. 

 

Western blot 

Cells were lysed with RIPA buffer. Western blot was performed as described previously[10]. 

Anti-human Regnase-1 antibody (1’ antibody, MAB7875, R&D) and anti-mouse/human 

β-actin (sc-1615; Santa Cruz) were used. Rabbit anti-mouse/human Regnase-1 antibody was 

described previously[9]. Luminescence data was obtained by ImageQuant LAS 4000 (GE 

Healthcare). 

 

RNA sequencing analyses 

Isolated ILC2s from competitively transferred mice were lysed with TRIzol (Invitrogen), and 

total RNA was extracted. The cDNA libraries were prepared by using SMARTer PCR cDNA 

Synthesis Kit (Clontech) and Nextera DNA Flex Library Prep Kit (Illumina) according to the 

manufacturer’s instruction, and the samples were sequenced on a HiSeq 2000 system 

(Illumina). Ribosomal sequences were excluded by using bowtie2 (version 2.2.4), and the 



 

reads were mapped on the murine genome (mm10) by using tophat2 (version 2.0.13). After 

excluding the genes with RPKM value < 10 in both of CD45.1
+
 ILC2s and CD45.2

+
 ILC2s, 

fold changes in count-per-million (CPM) and False Discovery Rate-adjusted P-values 

(FDR-P) were calculated by using edgeR with applying quasi-likelihood dispersion 

estimates[11, 12]. Differentially expressed genes (DEGs) were defined as the genes with 

FDR- P of < 0.05 and fold change of < 0.5 or > 2.0. The Comparative Toxicogenomics 

Database (CTD) (revision 15822) was used to analyze the associations between human 

diseases and DEGs[13]. The associations between the upregulated genes and pulmonary 

diseases was assessed by using “Respiratory Tract Diseases” category in the CTD as a 

reference. A list of human orthologs of mouse genes was obtained from Ensembl Biomart 

(version Ensembl Genes 98, GRCm38.p6), and was used to convert mouse genes to their 

human ortholog counterparts. Pathway analysis was performed using the CGAP BioCarta 

Pathway in with DAVID 6.8 Bioinformatics Resources[14, 15]..  

The accessions for RNA sequencing data is as follows:DNA Data Bank of Japan (DDBJ), 

accession number: DRA007392. 

 

Prediction of transcription factors associated with the gene sets 

The upregulated genes categorized in “Pulmonary fibrosis” by CTD were analyzed with 

Enrichr[16, 17]. The screening was performed by searching transcription factor binding sites 

for the genes through referencing the Transfac[18] and JASPAR[19] databases, and 

transcription factors of mouse were extracted.  

 

Clinical data collection 

Clinical information including patients’ background, laboratory tests, arterial blood gas 

analysis, pulmonary function tests and 6MWT at the time of sample collection were obtained. 



 

Patients were instructed to visit hospital every 1-3 months to receive chest X-ray, laboratory 

test and regular interview with physician. Pulmonary function test including FVC, FEV1 and 

DLco was performed every 6 months unless contraindications such as pneumothorax was not 

observed. The median follow-up period was 1674 days for the analysis of peripheral blood 

and 1241 days for the analysis of BAL, respectively. Progression was defined if any of the 

following event was observed: > 10% relative decline in FVC, > 15% relative decline in 

DLco, death or acute exacerbation of IPF. The ratio of ILC2s among lymphocytes in BAL or 

peripheral blood was determined using flow cytometry (BD LSR Fortessa-X20, BD 

Bioscience). Human ILC2s were defined as CD45
+
lineage

–
CD127

+
CRTH2

+
CD161

+
 cells (fig. 

S5). Written informed consent was obtained from all participants. 

 

Clinical sample collection and analysis 

BAL was performed according to the guideline[20], and the recovered BALF was centrifuged 

at 1500 rpm for 5 minutes, then the pellet was stored. Peripheral blood mononuclear cells was 

prepared by using Ficoll Paque PLUS (GE healthcare) according to the manufacturer’s 

instruction. Cells were suspended with CELLBANKER1 (AMSBIO) and stored at -80°C. 

BALF lymphocyte fraction or peripheral blood lymphocyte count evaluated as regular 

practice was multiplied with the ILC2s/lymphocyte ratio, thereby the ratio of BALF ILC2s or 

the number of peripheral blood ILC2s were calculated. 

 

Statistical analysis 

For the analyses of experimental data, either of Microsoft Excel (Microsoft corporation) or 

GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA) 

was used, and Student’s t-test was performed for the comparisons between the groups. 

Statistical analyses for clinical data were performed with EZR (Saitama Medical Centre, Jichi 



 

Medical University, Saitama, Japan), which is a graphical user interface for R (The R 

Foundation for Statistical Computing, Vienna, Austria)[21]. A Fisher’s exact test was used 

for the analysis of categorical variables and Mann Whitney U-test was used for the 

comparisons of continuous data. The log–rank test was used to evaluate the cumulative 

survival based on Kaplan-Meyer’s curve. To evaluate the power of the cut-off value to detect 

poor survival, we adopted three-year survival for the calculation, because previous studies 

reported the median survival of IPF as three years [22-24]. We set the parameters as follows; 

observation period: 1080 days, the estimated three-year survival of the patients: 0.5, 

alpha-error: 0.05. We set the survival rate of the patients within each group according to the 

results of the analysis. The death due to the following reasons were regarded as “Respiratory 

death”: chronic respiratory failure, acute exacerbation of IPF, pneumonia, pneumothorax and 

lung cancer. For the patients who did not experience any events or whose follow-up was lost, 

the follow-up period was censored at the day of the last visit. The Cox proportional hazards 

test was used for the multivariate analysis of survival with a stepwise selection of variables 

based on the Akaike information criterion. A p value of < 0.05 was considered statistically 

significant.  
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Supplementary figure S1. Competitive bone marrow transfer and Identification of 

mouse ILC2s 

A. Schematic picture for the competitive BM transfer model. B. Ratio of a CD45.1
+ 

(WT 

mice derived) and CD45.2
+
 (Regnase-1–/– 

mice derived) Th2s in the lung of competitive bone 

marrow transfer model mice (n = 5).  

 

Supplementary figure S2. Tissue-specificity of Regnase-1-mediated control of ILC2s 

Ratio of a CD45.1
+ 

(WT mice derived) and CD45.2
+
 (Regnase-1–/– 

mice derived) ILC2s in 

mesenteric fat-associated lymphoid cells (n = 5). Data are shown as mean ± SD. Student’s 

t-test was used for analyses.  

 

Supplementary figure S3. Regnase-1 deficiency affects the number of eosinophils in the 

lung 

Flow cytometry analysis of the population of eosinophils among live cells in Rag2–/–
 mice 

and Regnase-1–/– Rag2–/– mice. 

 

Supplementary figure S4. The characterization of Regnase1-deficient ILC2s 

Cell surface expression levels of the indicated proteins on the ILC2s in the lung of Rag2– /–  

and Rag2– /– Regnase1– /– mice (n = 5). Expression levels were evaluated by flow cytometry. 

Data are shown as mean ± SD. Student’s t-test was used for analyses. MFI: mean 

fluorescence intensity. 

 

Supplementary figure S5. Regnase1-deficient ILC2s promote pulmonary fibrosis 

A. Top 15 human diseases that were associated with the human ortholog counterparts of 

upregulated genes. Comparative Toxicogenomics Database (CTD) analyzer was utilized for 



 

the analysis. B. Schematic figure of the adaptive transfer of ILC2s into bleomycin-induced 

pulmonary fibrosis model mice. ILC2s sorted from the lungs of Rag2–/–
 mice or Regnase-1–/– 

Rag2–/–
 mice were cultured in the presence of 10 ng/ml IL-2 and IL-7 for 7 to 14 days, then 

expanded in the presence of 10 ng/ml IL-2, IL-7 and IL-33 for 7 days. On the day following 

intratracheal injection of 0.15 unit/head bleomycin, 1.5 x 10
5
 cultured ILC2s were 

intratracheally transferred, and the samples were collected on day 12. 

 

Supplementary figure S6. Identification of human ILC2s 

Representative gating strategy picture for human ILC2s by flow cytometry. Human ILC2s 

were identified as CD45
+
Lineage

–
CRTH2

+
CD161

+
IL-7R

+
 cells. Doublet depletion was done 

by the analysis of FSC-A/FSC-H and SSC-A/SSC-H. 

 

Supplementary figure S7. Evaluation of human Regnase-1 protein by flow cytometry 

A. Western blot for the cell lysate prepared from WT and Regnase-1-deficient Jurkat cells 

using anti-human Regnase-1 antibody MAB7875. The red arrow indicates the signal for 

Regnase-1. B. Flow cytometry histogram (upper) and dot plot (lower) comparing the 

fluorescence intensity between WT (red) and Regnase-1-deficient (blue) Jurkat cells. C. Flow 

cytometry histogram (upper) and dot plot (lower) comparing the fluorescence intensity 

between human peripheral blood ILC2s treated with primary antibody (MAB7875) plus 

secondary antibody (red) and secondary antibody only (blue). 

 

Supplementary figure S8. Regnase-1 expression negatively correlates with the ILC2 

number in human BAL. 

Correlation between the number of ILC2s among the BAL cells and Regnase-1 protein 

expression levels of ILC2s in BAL measured by flow cytometry. Spearman’s rank correlation 



 

test was used for analysis. 

 

Supplementary figure S9. The clinical significance of ILC2 number in peripheral blood 

of in IPF patients 

A. The associations between ILC2 number in peripheral blood and the indicated plasma 

cytokine levels in IPF patients. Spearman’s rank correlation test was used for analysis. B. A 

Receiver Operating Curve was drawn to determine the optimal cutoff value of the number of 

ILC2s in peripheral blood to identify IPF patients who died due to respiratory causes. The 

area under the curve was 0.645. Several values were tested, and 1557 cells/ml was 

determined to be the cutoff value. 

 

Supplementary figure S10. A graphical summary of the findings in this study 

Regnase-1 expressed in ILC2s in the lung of mice suppresses the expression of ICOS, 

GATA3 or EGR-1 through the destabilization of the mRNAs coding these proteins, thereby 

restrict the proliferation and the expression of genes associated with pulmonary fibrosis. Also 

in human, the decrease in Regnase-1 protein levels correlated with the increase in ILC2 

population in BAL, and the increased number of ILC2s was an independent factor for worse 

survival in IPF patients. These data suggest that Regnase-1 inhibits promotion of lung fibrosis 

by suppressing pro-fibrotic function of ILC2s both in mouse and human. 
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Supplementary table S9. Background of study cases in the analysis of BAL 

 
Control IPF 

Number 4 25 
Male sex (%) 2 (50.0)  21 (84.0)  
Age, years  54.00 [18.00, 62.00]  71.00 [46.00, 83.00] 
Pirfenidone use, n NA 12 (48.0)  
Corticosteroid use, n NA  5 (20.0)  
Nintedanib use, n NA  8 (32.0)  
Regnase-1 expression in BAL ILC2s 694.00 [437.00, 1279.00] 730.00 [378.00, 2264.00] 
BAL ILC2 ratio, %   0.16 [0.03, 0.39]   0.02 [0.00, 0.63] 

 140.00 [70.00, 320.00] 260.00 [130.00, 630.00] 
BAL Eosinophils, %   0.00 [0.00, 0.00]   2.00 [0.00, 11.00] 
BAL Lymphocytes, %  16.50 [10.00, 19.00]  11.00 [0.00, 67.00] 
BAL Monocytes, %  82.00 [78.00, 88.00]  82.00 [30.00, 99.00] 
BAL Neutrophils, %   1.50 [0.00, 5.00]   3.00 [0.00, 16.00] 
Never smoker, n  NA  3 (12.0)  
Former smoker, n  NA 21 (84.0)  
Current smoker, n  NA  1 ( 4.0)  
Brinkman index  NA 550.00 [0.00, 1800.00] 
PaO2, mmHg NA  86.70 [62.80, 108.00] 
PaCO2, mmHg NA  39.20 [33.10, 49.80] 
%DLco, % NA  56.94 [32.85, 93.75] 
%FEV1, % NA  85.70 [48.50, 131.00] 
%FVC, % NA  83.80 [50.30, 134.50] 
Composite Physiologic Index NA  39.45 [13.17, 59.70] 
KL-6, U/ml NA 720.00 [288.00, 3138.00] 
SP-D, ng/ml NA 230.50 [17.20, 1000.00] 
Progression in one year, n NA 12 (48.0)  
Death, n NA  9 (36.0)  
FVC: forced vital capacity, DLco: diffusion lung capacity of carbon monoxide,  

FEV1: forced expiratory volume in one second 

6MWT: 6-minute walk test, SpO2: saturation of peripheral O2  

PaO2: partial pressure of O2  PaCO2: partial pressure of CO2 

Data are shown as number (%) or median [range]. 

Fisher’s exact test and Mann-Whitney U-test were used for analyses. 

  



Supplementary table S10. Causes of deaths 

  ILC2 ≦1500 (n = 12) ILC2 > 1500 (n = 6) P-value 

Respiratory death 
 

  
   Chronic respiratory failure  0 (0.0)   3 (50.0)  0.025 
   Pneumonia   3 (25.0)   0 (0.0)  0.515 
   Lung Cancer 1 (8.3) 2 (33.3) 0.245 
   Acute exacerbation of IPF 5 (41.6) 1 (16.7) 0.600 
Non-Respiratory death 

 
  

   Sudden death/ Heart attack 1 (8.3) 0 (0.0) > 0.99 
   Urinary tract infection 1 (8.3) 0 (0.0) > 0.99 
   Not clear 1 (8.3) 0 (0.0) > 0.99 
Data are shown as number (%). Fisher’s exact test was used for the analyses. 

  



Supplementary table S11. Antibodies used in this study 

Antibody Clone Distributor 
FITC-conjugated anti-mouse CD4 GK1.5 Biolegend 
FITC-conjugated anti-mouse CD5 53-7.3 Biolegend 

FITC-conjugated anti-mouse CD8a 53-6.7 Biolegend 

FITC-conjugated anti-mouse CD3e 145-2C11 BD Pharmingen 

FITC-conjugated anti-mouse CD19 6D5 Biolegend 

FITC-conjugated anti-mouse CD49b DX5 Biolegend 

FITC-conjugated anti-mouse Gr-1 RB6-8C5 Biolegend 

FITC-conjugated anti-mouse Ter119  Ter119 Biolegend 

FITC-conjugated anti-mouse CD11b M1/70 Biolegend 

FITC-conjugated anti-mouse CD11c N418 Biolegend 

FITC-conjugated anti-mouse IgE RME-1 Biolegend 

PE-conjugated anti-mouse T1/ST2 U29-93 BD Pharmingen 

APC-conjugated anti-mouse CD45 30-F11,  Tonbo biosciences 

APC-conjugated anti-mouse phospho-STAT5 SRBCZX eBioscience 

APC-Cy7-conjugated anti-mouse/human KLRG1  2F1 Biolegend 

PE-Cy7-conjugated anti-mouse Sca-1 D7 Biolegend 

PerCP-Cy5.5-conjugated anti-mouse CD45.2 clone 104 Biolegend 

Biotin-conjugated anti-mouse CD45.1 A20 Biolegend 

FITC-conjugated anti-human lineage cocktail 1 

(CD3, CD16, CD19, CD14, CD56, CD20) 

SK7, 3G8, SJ25C1, 

MφP9, NCAM16.2, L27 
BD Pharmingen 

PE-conjugate anti-human CRTH2 BM16 Biolegend 

APC-conjugated anti-human CD127 A019D5 Biolegend 

APC-Cy7-conjugated anti-human CD45 2D1 Biolegend 

BV421-anti-human CD161 HP-3G10 Biolegend 

BV421-conjugated Streptavidin  Biolegend 


