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IMMUNOLOGY

JAK3 inhibitor suppresses multipotent ILC2s and
attenuates steroid-resistant asthma

Jihyun Kim"?, Jongho Ham"*3, Hye Ryun Kang®*, Yong-Soo Bae*>, TaeSoo Kim®,

1,2,3%

Hye Young Kim

Steroids are the standard treatment for allergic airway inflammation in asthma, but steroid-refractory asthma
poses a challenge. Group 2 innate lymphoid cells (ILC2s), such as T helper 2 (Ty2) cells, produce key asthma-
related type 2 cytokines. Recent insights from mouse and human studies indicate a potential connection
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between ILC2s and steroid-resistant asthma. Here, we highlight that lung ILC2s, rather than T2 cells, can
develop steroid resistance, allowing them to persist and maintain their disease-driving activity even during
steroid treatment. The emergence of multipotent IL-5*IL-13*IL-17A* ILC2s is associated with steroid-resistant
ILC2s. The Janus kinase 3 (JAK3)/signal transducer and activator of transcription (STAT) 3, 5, and 6 pathways
contribute to the acquisition of steroid-resistant ILC2s. The JAK3 inhibitor reduces ILC2 survival, proliferation,
and cytokine production in vitro and ameliorates ILC2-driven Alternaria-induced asthma. Furthermore, combin-
ing a JAK3 inhibitor with steroids results in the inhibition of steroid-resistant asthma. These findings suggest a
potential therapeutic approach for addressing this challenging condition in chronic asthma.

INTRODUCTION
Asthma is a chronic respiratory disease characterized by airflow lim-
itation and mucus hyperproduction, leading to persistent and spas-
modic symptoms such as dyspnea, coughing, and wheezing (1).
While the term “asthma” encompasses multiple phenotypes, the
most common is allergic asthma (2). Type 2 inflammation mediates
allergic asthma, involving the production of cytokines, such as in-
terleukin-4 (IL-4), IL-5, IL-9, and IL-13. These cytokines are pro-
duced by T helper 2 (Ty2) cells and group 2 innate lymphoid
cells (ILC2s), playing critical roles in asthma symptoms (3). Specif-
ically, they induce eosinophil recruitment, goblet cell metaplasia,
bronchial hyperreactivity, immunoglobulin E production, and
mast cell activation. The primary treatment for persistent asthma
is inhaled corticosteroids (4), which regulate the activities of
various inflammatory cells to control asthma symptoms, improve
lung function, and prevent exacerbation of the disease (5).
However, 10% of asthmatics do not respond to steroids (6), and
this steroid-resistant asthma holds considerable importance as it
is associated with substantial asthma-related mortality and accounts
for almost 50% of the annual asthma-associated health care costs
(7). Therefore, an urgent and unmet clinical need in the field is a
therapeutic approach that effectively treats steroid-resistant
asthma. One approach to developing such treatments may be to
improve our understanding of the immunological mechanisms
that mediate steroid resistance in asthma patients.

ILC2s play a crucial role in the development of allergic asthma as
they are activated downstream of airway epithelial cells. When faced
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with various triggers like external allergens, viral and bacterial ele-
ments, cigarette smoke, and inflammatory substances, the epithelial
cells respond by generating alarmins such as IL-33, IL-25, and
thymic stromal lymphopoietin (TSLP). These cytokines, in turn,
stimulate ILC2s to produce abundant IL-5 and IL-13, as well as
IL-4, IL-9, and amphiregulin (8). This ability to secrete large
amounts of type 2 cytokines makes ILC2s a major focus of research
on type 2 immune disorders, including chronic rhinosinusitis with
nasal polyps, atopic dermatitis, and T2 asthma. The role of ILC2s in
steroid-resistant asthma remains uncertain, with conflicting evi-
dence reported in several studies. While some studies suggest that
ILC2s may contribute to steroid resistance, others have found that
ILC2s can be sensitive to steroids. For instance, one study found that
patients with steroid-resistant asthma have more ILC2s in their
sputum than control asthma patients (9), and another study in
mice showed that the induction of steroid-resistant asthma was as-
sociated with the accumulation of steroid-resistant ILC2s in the
lung (10). In contrast, other studies have reported that ILC2s can
be reduced by steroid treatment in patients with nasal polyps or
well-controlled asthma (9, 11, 12). Therefore, further research is
needed to elucidate the complex role of ILC2s in steroid-resis-
tant asthma.

T cells require activation of the “T cell” receptor to trigger the
activation of several factors, such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), activator protein 1,
and nuclear factor of activated T cells, which stimulate T cell activ-
ity. Conversely, ILCs do not have antigen-specific receptors and
instead rely on their cytokine receptors to respond to environmental
signals. Cytokines, such as IL-2, IL-4, IL-7, IL-9, and TSLP, stimu-
late ILCs by activating Janus kinase 1 (JAK1), JAK3, and signal
transducer and activator of transcription (STAT) molecules. These
signaling pathways are vital for ILC biology, including their devel-
opment, early effector functions, and plasticity (13—15). Conse-
quently, this pathway presents a promising target for therapeutic
intervention in ILC-mediated diseases. Pharmacological inhibitors
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of JAK activity have been successful in treating various immune-
mediated diseases (16).

Here, we demonstrated that ILC2s contribute to steroid-resistant
asthma in murine models and can be converted into steroid-resis-
tant ILC2s through exposure to multiple ILC-stimulating cytokines.
Specifically, we found that the combination of IL-33 and TSLP or
IL-33 and IL-2/IL-7 induced the emergence of multipotent ILC2s
that secrete both IL-17A and type 2 cytokines, rendering them re-
sistant to steroids. Our studies further revealed that the JAK3-me-
diated signaling pathway and phosphorylation of multiple STATSs
drove the formation of these multipotent ILC2s. Notably, we ob-
served that blocking the JAK3 signaling pathway effectively inhibit-
ed the formation of the multipotent ILC2s in vitro and ameliorated
ILC2-driven Alternaria-induced asthma. Combining JAK3 inhibi-
tors with steroids to suppress asthmogenic T2 cells resulted in a
marked inhibition of steroid-resistant asthma, accompanied by
the disappearance of the multipotent ILC2s in vivo. These results
highlight the potential of ILC2s as a therapeutic target for steroid-
resistant asthma and the JAK3 inhibitor as a promising treat-
ment option.

RESULTS

IL-33-induced ILC2s are responsible for steroid-resistant
eosinophilia in a mouse model of asthma

A classical model of allergic asthma involves sensitizing wild-type
mice with intraperitoneal injections of ovalbumin (OVA) followed
by intratracheal challenge with OVA a week later (17). This model is
driven largely by T2 cells and is highly sensitive to steroids (18).
However, in the OVA/IL-33 mouse model of steroid-resistant
asthma, which was reported by Kabata et al. (10), OVA-sensitized
mice are challenged intratracheally with OVA plus IL-33 (Fig. 1A).
During the challenge periods, OVA-alone and OVA/IL-33 asthma
model mice were injected intraperitoneally with dexamethasone
(Dex) (Fig. 1A). In the OVA-alone model, Dex significantly
reduced airway hyperresponsiveness (AHR) (Fig. 1B) and eosino-
philia a day after the last challenge/treatment (Fig. 1, D and E).
However, in the OVA/IL-33 model, Dex failed to reduce AHR
(Fig. 1C), airway eosinophil numbers (Fig. 1D), and inflammatory
cell infiltration into the airways (Fig. 1E), indicating significantly
reduced corticosteroid sensitivity. Notably, a key difference
between the two models was that Dex suppressed the eosinophilia
in the OVA-alone model but not in the OVA/IL-33 model. Steroid
treatment, however, suppressed airway neutrophil, alveolar macro-
phage, and dendritic cell numbers equally well in both models (fig.
S1, A to E).

Because IL-33 is a potent stimulator of ILC2s (19), we aimed to
investigate whether ILC2s are responsible for the steroid-resistant
eosinophilia observed in OVA/IL-33 mice. We analyzed the secre-
tion of type 2 cytokines by ILC2s and T cells in the lungs of both
models. In the OVA-alone model, CD4" T cells, not ILC2s, were
found to secrete increased amounts of IL-5 and IL-13 (Fig. 1F).
However, in the OVA/IL-33 model, both CD4" T cells and ILC2s
secreted elevated levels of these cytokines (Fig. 1F). When treated
with Dex, the OVA-alone mice showed a decrease in the production
of IL-5 and IL-13 by CD4" T cells, while ILC2s continued to secrete
these cytokines. Also, Dex suppressed CD4" T cell production of
cytokines in the OVA/IL-33 model but failed to downregulate the
secretion of these cytokines by ILC2s (Fig. 1, F to J). These findings
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suggest that ILC2s in the lungs could be responsible for the cortico-
steroid resistance observed in airway inflammation with
eosinophilia.

Combined IL-33 and TSLP induces steroid-resistant asthma
by generating steroid-resistant ILC2s

Previous studies have shown that blocking TSLP in murine asthma
models or human asthmatics can restore steroid sensitivity in
asthma (10, 20). It suggests that elicitation of this alarmin during
asthma pathogenesis may promote steroid resistance. Given this,
and the fact that TSLP is an activator of ILC2s along with IL-33
(21), we investigated whether intratracheal injections of IL-33
plus TSLP would generate an ILC2-dependent steroid-resistant
asthma model (Fig. 2A). Our findings indicate that IL-33/TSLP
treatment induced AHR, and Dex treatment failed to reverse this
(Fig. 2B). The inability of Dex to suppress eosinophilia was also ob-
served; while IL-33/TSLP treatment induced the infiltration of eo-
sinophils, neutrophils, and lymphocytes into the bronchoalveolar
lavage fluid (BALF) and lungs, Dex only suppressed the increased
neutrophil and lymphocyte numbers (Fig. 2, C and D, and fig. S2, A
to D). Moreover, while IL-33/TSLP treatment induced both CD4" T
cells and ILC2s to produce type 2 cytokines, Dex only reduced the
CD4" T cell-derived cytokines (Fig. 2, E to I). These findings
suggest that ILC2s, but not Ty2 cells, may play a role in the devel-
opment of steroid-resistant asthma.

ILC2s, but not T2 cells, are resistant to steroid-induced
apoptosis

Kabata et al. (10) reported that although cultured ILC2s treated with
IL-33 remain steroid sensitive, they become steroid resistant when
IL-2 and IL-7 are added. To understand how ILC2s acquire steroid
resistance, we used this system as an in vitro model. We isolated
ILC2s from the lungs of mice treated intratracheally with IL-33
and differentiated murine Ty2 cells from T cells in splenocytes
from naive mice. Both cell types were then stimulated in vitro
with recombinant mouse (rm)IL-2, IL-7, and IL-33 (IL-2/7/33)
with and without Dex (Fig. 3A). The cytokine treatment induced
both ILC2s and T2 cells to proliferate, but Dex did not affect pro-
liferation (fig. S3, A and B). However, Dex induced significant ap-
optosis in the Ty2 cells, whereas the ILC2s remained unaffected
(Fig. 3, Band C). Similarly, Dex reduced the IL-5 and IL-13 produc-
tion of the Ty2 cells but not the ILC2s (Fig. 3, D to G). Notably,
ILC2s required the presence of all three cytokines (IL-2, IL-7, and
IL-33) to acquire steroid resistance, as IL-33 alone led to steroid-
sensitive ILC2s (fig. S3, C and D). Thus, steroid resistance in
ILC2s requires not only IL-33-induced activation but also concur-
rent IL-33—-independent signaling.

We also tested whether IL-2/7/33—stimulated ILC2s from
humans exhibited steroid resistance in vitro. When ILC2s isolated
from peripheral blood mononuclear cells (PBMCs) of healthy
donors were treated with recombinant human (rh)IL-2, IL-7, and
IL-33 with or without Dex (Fig. 3H and table S1), the production
of type 2 cytokines from ILC2s was not affected by Dex (Fig. 31). In
contrast, Ty2 cells differentiated from naive CD4" T cells of healthy
PBMCs displayed decreased type 2 cytokine production when
treated with Dex (Fig. 3]).
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Fig. 1. The steroid resistance in the OVA/IL-33-induced asthma model was associated with the acquisition of steroid resistance by ILC2s but not T2 cells. (A)
Schematic diagram of the asthma models induced by OVA alone and OVA/IL-33. (B and C) AHR of the OVA-alone (B) and OVA/IL-33 (C) models with or without Dex
treatment. (D and E) Immune-cell numbers in the BALF (D) and H&E staining of the lungs (E) of the OVA-alone and OVA/IL-33 models with or without Dex treatment.
Scale bars, 100 um. (F to J) Frequencies of IL-5—and IL-13—producing CD4™ T cells (gated as CD45*Lineage*CD4" cells) and ILCs (gated as CD45"Lineage"CD90.2" cells) in
the OVA-alone and OVA/IL-33 models with or without Dex treatment. Representative dot plots are shown in (F) and the frequencies of IL-5* (G) and IL-13* (H) CD4* T cells
and IL-5" (I) and IL-13* (J) ILC2s are plotted. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by one-way ANOVA followed by Bonferroni's posttest. The data are
representative of two to three independent experiments and are presented as mean + SEM.
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Fig. 2. Activation of ILC2s with TSLP as well as IL-33 induces steroid-resistant asthma. (A) Schematic diagram of the IL-33/TSLP-induced asthma model. (B to D) AHR
(B), immune-cell counts in the BALF (C), and H&E staining of the lungs (D) in the IL-33/TSLP model with and without Dex treatment. Scale bars, 100 um. (E to I) Frequencies
of IL-5—and IL-13—producing CD4* T cells (gated as CD45*Lineage*CD4" cells) and ILCs (gated as CD45*Lineage~CD90.2" cells) in the IL-33/TSLP model with and without
Dex treatment. Representative dot plots are shown in (E). The frequencies of IL-5* (F) and IL-13" (G) CD4* T cells and IL-5" (H) and IL-13" (I) ILC2s are plotted. *P < 0.05, **P
<0.01,***P <0.001, and ****P < 0.0001, by one-way ANOVA followed by Bonferroni's posttest. The data are representative of two to three independent experiments and

are presented as mean + SEM.

JAKS is essential for the survival and type 2 functions

of ILC2s

To uncover the signaling pathways responsible for persistent ILC2
activation, we analyzed the RNA sequencing data of a publicly avail-
able resource (GSE112937) (22), specifically examining nonactivat-
ed and activated lung ILC2 RNA datasets. Our analysis revealed that
nonactivated and activated ILC2s did not significantly differ in the
expression of NF-kB and mitogen-activated protein kinase (MAPK)
pathway genes, which are known to operate downstream of IL-33
(23). However, activated lung ILC2s exhibited up-regulated expres-
sion of the JAK/STAT pathway gene set (Fig. 4A).

Kim et al., Sci. Adv. 9, eadi3770 (2023) 20 December 2023

In mammals, the JAK family includes four JAKs: JAK1, JAK2,
JAK3, and TYK2 (24). To determine whether these molecules con-
tribute to the ability of IL-2/7/33 to induce ILC2 activation, we co-
treated murine lung ILC2s with various JAK inhibitors, including
AZD1480, which suppresses both JAK1 and JAK2 activation
(JAK1/2i) and PF06651600, a JAK3 inhibitor (JAK3i). We found
that JAK3i, but not JAK1/2i, induced the apoptosis of ILC2s and
reduced their proliferation and IL-5 and IL-13 production (Fig. 4,
B to E). JAK3i also down-regulated the type 2 cytokine production
of ILC2s from human PBMCs (Fig. 4, F and G). We confirmed the
importance of JAK3 signaling in ILC2 activation with JANEX-1,
which selectively inhibits JAK3 without altering JAK1, JAK2, and
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Fig. 3. IL-2/7/33 treatment induces steroid-resistant murine and human ILC2s in vitro but T,;2 cells remain steroid sensitive. (A) Schematic diagram showing the
isolation of murine lung ILC2s and differentiation of T2 cells from naive murine splenocytes in vitro, and their treatment with IL-2/7/33 with and without Dex. (B and C)
Annexin V expression by the murine ILC2s (B) and T2 cells (C). (D to G) Frequencies of IL-5— and IL-13—producing murine ILC2s [(D) and (E)] and T2 cells [(F) and (G)].
Representative dot plots are shown in (D) and (F). The frequencies of IL-5" and IL-13* cells are plotted in (E) and (G). (H) Schematic diagram of the isolation of ILCs and
CD4™ T cells from human PBMCs (n = 10 subjects) and their in vitro treatment with IL-2/7/33 with and without Dex. (I to J) Frequencies of IL-5" and IL-13" ILCs (1) and T,2
cells (J) are plotted. n.s., not significant; *P < 0.05, **P < 0.01, and ****P < 0.0001, by unpaired t test [(B) and (C)], one-way ANOVA followed by Bonferroni’s posttest [(E) and
(G)], and paired t test [(I) and (J)]. The data are representative of two to three independent experiments and are presented as mean + SEM.
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Fig. 4. Murine and human ILC2 activa-
tion is regulated by JAK3 and JAKSi in-
hibits type 2 cytokine production by
steroid-resistant ILC2s. (A) Identification
of the signaling pathways that associate
with ILC2 activation by using the publicly
available GSE112937 RNA sequences of
nonactivated and activated ILC2s. (B to E)
Effect of JAK1/2i or JAK3i treatment on IL-
2/7/33-stimulated murine lung ILC2s.
Their annexin V (B) and Ki67 (C) expression
are shown. Their frequencies of IL-5- and
IL-13—producing murine ILC2s are shown
by representative dot plots (D) and plots
(E). (F and G) A schematic diagram of
human ILC isolation, stimulation with IL-2/
7/33, and JAK3i treatment in vitro is shown
in (F), and the frequencies of IL-5" (left)
and IL-13" (right) ILCs (n = 10) are plotted
n (G). (H to J) Effect of Dex and JAK3i
treatment on the type 2 cytokine produc-
tion of murine and human ILC2s. A sche-
matic diagram of the isolation of ILC2s
from murine lungs and human PBMCs and
their in vitro treatment with Dex and/or
JAK3i is shown in (H). The frequencies of
IL-5% and IL-13" ILC2s in the murine (I) and
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other protein tyrosine kinases (25). JANEX-1 suppressed the IL-5
and IL-13 production of murine ILC2s (fig. S4, A and B). Although
PF06651600 also inhibits Tec protein tyrosine kinase family
members, including Bruton's tyrosine kinase (BTK) and interleu-
kin-2-inducible T cell kinase (26), Branebrutinib, which inhibits
the Tec kinase family (27), did not affect ILC2 cytokine production
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(fig. S4, C and D). Therefore, JAK3 signaling may play a more spe-
cific role in activating ILC2s than other signaling pathways.

Next, we investigated whether JAK3i regulates the steroid resis-
tance of ILC2s in vitro (Fig. 4H). Murine lung ILC2s and human
ILC2s were stimulated with IL-2/7/33 with and without Dex, and
their production of IL-5 and IL-13 was examined. We found that
the resistance of the cells to Dex disappeared when JAK3i was
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present (Fig. 4, I and J). These results suggest that JAK3 not only
appears to be necessary for ILC2 activation, survival, and type 2
functions, but also mediates the steroid resistance of ILC2s. There-
fore, JAK3 could be a promising target in therapies that inhibit
steroid-resistant ILC2s.

JAK3 signaling induces cytokine multipotency and steroid
resistance in ILC2s

JAK mediates the phosphorylation of cytokine receptors’ tyrosine
residues, which leads to the recruitment of STAT proteins. The
six STAT proteins can then be phosphorylated by JAK on tyrosine
residues, causing their dimerization and transport across the
nuclear membrane. Once in the nucleus, they can regulate cyto-
kine-responsive gene expression (28) (fig. S5A). To determine
which STAT contributes to ILC2 steroid resistance, IL-2/7/33—stim-
ulated ILC2s were cultured alone or with different JAK inhibitors,
and STAT1 to STAT6 phosphorylation was examined. IL-2/7/33
treatment significantly increased phosphorylation of STATI,
STAT3, STAT5, and STAT6, but not STAT2 or STAT4. All inhibitors
blocked STAT1 phosphorylation, while pan-JAKi (Tofacitinib) and
JAK3i blocked STAT3, STATS5, and STAT6 phosphorylation (Fig. 5,
A and B). Phosphorylation of STAT1 in IL-2/7/33-stimulated ILC2s
is regulated by both JAK1/2 and JAK3, while JAK3 alone regulates
phosphorylation of STAT3, STATS5, and STAT6. Flow cytometry
confirmed that IL-2/7/33 stimulation promoted STAT3 and
STATS5 phosphorylation in ILC2s, which was suppressed by JAK3i
(fig. S5, B and C). Notably, the STAT3 inhibitor (STAT3i) induced
apoptosis in ILC2s, while the STAT6 inhibitor (STAT6i) and STAT5
inhibitor (STAT5i) exhibited only marginal or no impact on apo-
ptosis (Fig. 5C and fig. S5D). However, it is worth noting that
when it came to inhibiting proliferation and the production of
type 2 cytokines by ILC2s, all three inhibitors were effective, with
STAT3i showing the highest efficacy (Fig. 5, C and D, and fig. S5,
E and F). Furthermore, we investigated whether JAK3 signaling is
STAT specific or involves noncanonical pathways such as MAPK
and NF-«kB signaling. Our findings revealed that all JAK inhibitors
suppressed the phosphorylation of noncanonical pathways without
any JAK3i specificity (fig. S5, G and H).

Next, we compared the phosphorylation of STATSs in sputum
cells from asthma patients and healthy controls (fig. S5, I and J,
and table S1). Asthma patient cells contained significantly higher
levels of phosphorylated STAT3, STATS5, and STAT6 than healthy
donors (fig. S5, I and J). We also observed up-regulation of
STAT3, STAT5, and STAT6 phosphorylation in IL-2/7/33—stimulat-
ed human ILC2s, which was inhibited by JAK3i (Fig. 5, E to H).

According to reports, the activation of STAT3, STAT5, and
STAT6 is mainly associated with type 3, type 1, and type 2 cytokines,
respectively (29). Here, we observed that the stimulation of IL-2/7/
33 up-regulated type 2 cytokine production and induced the phos-
phorylation of all three of these STAT's in ILC2s. To gain a broader
understanding of the ILC2 cytokine profile, we examined the effects
of IL-2/7/33 treatment in more detail. We found that IL-2/7/33
treatment significantly increased the frequency of ILC2s that coex-
pressed IL-5, IL-13, and IL-17A (Fig. 5, I and J). Further analysis
revealed that the proportion of IL-17A" ILC2s that coexpressed
IL-5 and IL-13 among total ILC2s was increased by IL-2/7/33
(Fig. 5K). We did not observe any expression of interferon-y
(IFN-y) by ILC2s under any conditions (fig. S6, A and B). These
results indicate that IL-2/7/33 treatment can cause ILC2s to
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produce type 3 as well as type 2 cytokines, which has been observed
previously in other settings (30, 31). Further investigation revealed
that JAK3i and downstream STAT inhibitors inhibited the multipo-
tent ILC population in vitro, while Dex did not have any significant
effect (Fig. 5, L and M, and fig. S6, C and D). However, Dex reduced
the production of type 2 cytokines by ILC2s stimulated with IL-33
alone (fig. S3D). Additionally, we observed the presence of multi-
potent ILC2s coexpressing IL-17A in humans, and these cells were
effectively inhibited by JAK3i but not by Dex (fig. S6, E and F).
These findings suggest that the acquisition of cytokine multipo-
tency by ILC2s following IL-2/7/33 treatment could potentially
mediate the steroid resistance of ILC2s.

JAKS3 inhibitor suppresses multipotent ILC2s and
ameliorates Alternaria-induced asthma

To investigate the potential therapeutic use of JAK3i in ILC2-
induced allergic asthma (8), we tested the ability of JAK3i to allevi-
ate asthma symptoms using the Alternaria alternata (Alt) asthma
model. We treated wild-type and Ragl ™'~ mice with Alt extract
intratracheally with or without intragastric injection of JAK3i to
determine whether the effects of JAK3i were independent of T
cells (Fig. 6A and fig. S7A). The intragastric approach was used
because JAKi is administered orally in clinical practice (32). The
results showed that JAK3i significantly reduced AHR and inflam-
matory cell infiltration in the BALF and lungs of both wild-type
and Ragl ™'~ mice (Fig. 6, B to D, and fig. S7, B to D). Histological
analysis of lung tissue using hematoxylin and eosin (H&E) staining
confirmed that JAK3i ameliorated the infiltration of immune cells
around the airways (Fig. 6E and fig. S7E). Further investigation of
the cytokines produced by lung ILC2s in the mice revealed that Alt
extract treatment increased the production of IL-5 and IL-13 by
ILCs, but not T cells (Fig. 6, F and G, and fig. S7, F to I). JAK3i
treatment reversed this phenomenon powerfully in both wild-type
and Ragl ~/“mice (Fig. 6, Fand G, and fig. S7, F and G). Alt extract
inoculation alone increased the frequency of multipotent
IL-5"IL-13"TL-17A" ILC2s in the lungs (Fig. 6, Hand [, and fig. $7,]
and K), which we had previously observed in vitro when treating
ILC2s with IL-2/7/33 (Fig. 5, I and J).

To further evaluate the impact of JAK3 inhibition (JAK3i) in the
context of a chronic Alt model, we exposed mice to Alt extract over a
3-week period (fig. S8A). Similar to the acute model, JAK3i effec-
tively attenuated AHR and reduced eosinophil infiltration within
the airways in the chronic model (fig. S8, B and C). Furthermore,
JAK3i had a positive impact on diminishing inflammatory cell in-
filtration in the lungs, as evidenced by histopathological examina-
tion using H&E staining (fig. S8D). It is noteworthy that the chronic
Alt model induced the production of type 2 cytokines from both
CD4" T cells and ILCs (fig. S8, E to G). However, while JAK3i
did not significantly decrease cytokine production from CD4" T
cells, it exhibited a notable reduction in cytokine production from
ILCs (fig. S8, E to G). JAK3i also led to a decrease in the population
of multipotent IL-5*TL-13"IL-17A" ILCs in the context of the
chronic Alt model (fig. S8, H and I).

Furthermore, we conducted adoptive transfers of both normal
ILC2s and ILC2s treated with JAK3 inhibitor (JAK3i) into
Rag2™'"yc™'~ double-knockout mice, which lack ILCs (Fig. 6]). Our
findings revealed that the introduction of normal ILC2s led to an
increase in AHR and the infiltration of eosinophils in the BALF.
Conversely, the transfer of JAK3i-treated ILC2s had no discernible

7 of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 5. JAK3 inhibition suppresses A B
+rmlL-2/7/33 O Unstim = pan-JAKi
STAT3, STATS, and STAT6 phosphoryla- S = mIL-2/7/33 = JAK1/2i [+ miIL-2/7/33
tion in ILC2s. (A and B) Western blot I I/ = JAKSi
S ;N " ' ' .
analysis of phosphorylated STAT1 to STAT6 é’o” s o (g' X/ g 1.5 : bkt ; .
. ) . . S/ /8 ke : ' - .
in murine ILC2s stimulated with IL-2/3/33 . . / 5 — * H : e ;
and treated with different JAK inhibitors: ~ P-STAT1 | s s o 3 10 ,%] e
Pan-JAKi (Tofacitinib), JAK1/2i (AZD1480), STAT1 _fgj I_‘ :
or JAK3i (PF06651600). A representative sTAT, [ — v —— ] § 05 i | {
blot is displayed in (A), and relative phos- STAT2 | - e o—— | : f
phorylated STAT levels are depicted in (B). * T * T
(C and D) Murine ILC2s, stimulated in vitro  P-STAT3 = = p-STAT1 p-STAT2 p-STAT3 p-STAT4 p- STATS P~ STATS
with IL-2/7/33, were treated with STAT in- STATS || c
hibitors: STAT3i (Stattic), STAT5i (STAT-IN- p-STAT4 | —_—— = o — Annexin V Ki67 IL-5"ILC2s  IL-13*ILC2s
1), or STAT6i (AS1517499). Frequencies of STAT | e c——— 120 I B 120 s | povy
annexin V* or Ki67* ILC2s (C) and IL-5" or g0 e ol 90 = S
IL-13* ILC2s (D) are displayed. (E to H) p-STATS S _ & ? & | ¥ .
Human ILCs isolated from PBMCs (n = 10) ~ STATS | e emme s e == R 60 & 60 =2’ $
were stimulated with IL-2/7/33 in vitro and  ,.STATS | -— -] 30 g 0! 30
treated with JAK3i. A schematic diagram of STATE ‘ PR — ‘ & = ®
the experiment is shown in (E). MFI of the ) l l e e e T G A e LA Rt s
o R —— -— o = . . o o
phosphorylated STAT3 (), STATS (G), and ~ P-Actin QB BB QB B @ QB 4D B OB B (@
g . NPAPAS PAANAS NN INFAPN
STAT6 (H) in the ILC2s in the PBMCs are \% S K \% \% \% \% \6 N \% \6
X X
shown. (I to K) Murine ILC2s were stimu- < AN AL GRN AL GRN
lated with IL-2/7 alone, IL-33 alone, or all E F PR
three together. The frequencies of IL-57IL- 200 100
137IL-17A* ILC2s were determined. A rep- L 150 s L 80
resentative dot plot is shown in (I) and the © 1© © 60
cell frequencies were presented in a histo- e < 100 = = 40
gram in (J). The frequencies of ILC2s that enrichment ‘! 50 ‘| !
expressed none, one, two, or three of the ( 20
IL-5, IL-13, and IL-17A cytokines are also thiL-2/7/33 0
presented in a pie chart (K). (L and M) alAksl rhll-2/7/33 - * *  rhiL27/33 - * * rhiL2/7/33 0 -+ *
Murine ILC2s were stimulated with IL-2/7/ JAKSI -t JAKS == JAKSE ==
33 with and without Dex or JAK3i. Repre- | Unstim rmlL-2/7 rmiL-33 rmlL-2/7/33 J _
sentative dot plots of the IL-17A-express- 10.021 0.021 0.16 1.52 15 " -
ing IL-5* ILC2s are shown in (L). The 1 1'5 o
frequencies of IL-5"IL-13*IL-17A" ILC2s are 1 5 10 x
plotted in (M). n.s., not significant; *P < R = e @
0.05, **P < 0.01, ***P < 0.001, and ****P < 3 Joze 7.30 o § . o}
0.0001, by one-way ANOVA followed by IL-5 ‘3 -
Bonferroni's posttest [(B) to (D), (J), and K i S hi « Number = 0
- 42% 8 o 9.95%
(M)],, and one-way repeated-measures 0.57% ‘ e e = ofcytokines o7 - o+ -+
ANOVA followed by Bonferroni's posttest 29.07% ! . din 13.94% 0 miL-33 - - o+ o+
[(F) to (H)]. The data are representative of Unstim o7 33 2/7/33 | = ; » "
two to three independent experiments oy m 3 M ks
and are presented as mean + SEM or + SD. g 2% shalx AT w08 15 e e
L rmiL-2/7/33 <
Unstim + Dex + JAK3 2810
0 0 10.38 1.85 2 &
I | : '. 2,
@
] =
NI 9
E 5.0 . 4.99 rmlL-2/7/33 -+ + +
- g Dex - - + -
L5 s JAK3I - - -+

effect on these parameters (Fig. 6, K and L). The transferred JAK3i-
treated ILC2s produced fewer cytokines than normal ILC2s (Fig. 6,
M and N), which strongly confirms the direct effect of JAK3i on
ILC2 function in vivo. Together, these findings suggest that the
blockade of JAK3 signaling could be a promising therapeutic

target for ILC2-induced asthma.

Kim et al., Sci. Adv. 9, eadi3770 (2023) 20 December 2023

The JAK3 inhibitor shows potent efficacy in treating
steroid-resistant asthma

Finally, we investigate the potential of JAK3i as a therapeutic option
for steroid-resistant asthma using an OVA/IL-33—induced asthma
model. As shown in Fig. 1, asthma in this model is driven by
both T cells and ILC2s, but only the T cells are responsive to Dex
treatment. To test the efficacy of JAK3i, OVA-injected mice were
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Fig. 6. JAK3 inhibition ameliorates the ILC2-
driven moderate asthma in the murine Alt
extract-induced model. (A) Schematic
diagram of the Alt extract-induced asthma
model in Rag1™"~ mice. (B) AHR in the Rag1 ™/~
mice. (C) Immune-cell counts in the BALF of
the Rag1™'~ mice. (D) The frequency of eosin-
ophils (gated as CD45*CD11b*SiglecF™* cells) in
lungs. (E) H&E staining of the lungs. Scale bars,
200 pm. (F and G) Frequencies of IL-5— and IL-
13—producing ILCs (gated as
CD45*Lineage~CD90.2" cells). Representative
dot plots are shown in (F) and the frequencies
are plotted in (G). (H and 1) Frequencies of IL-
17A-producing IL-5*IL-13" ILCs (gated as
CD45*Lineage”CD90.2*IL-5IL-13* cells). Rep-
resentative dot plots are shown in (H) and the
frequencies are plotted in (I). (J to N) Adoptive
transfer of ILC2s treated with or without JAK3i
into Rag2~~yc™'~ mice followed by the in-
duction of the Alt extract-induced asthma
model. (J) Schematic representation of the ex-
perimental model. (K) Evaluation of AHR in
Rag2~'~yc™'~ mice that received ILC2 transfers.
(L) Enumeration of eosinophils in the BALF of
Rag2~'~yc™'~ mice that received ILC2 transfers.
(M) Representative dot plots of IL-5 and IL-13
production from transferred ILC2s. (N) The
frequencies of the transferred IL-5" and IL-13*
ILC2s are plotted. **P < 0.01, ***P < 0.001, and
***¥P < 0.0001, by unpaired t test and one-way
ANOVA followed by Bonferroni's posttest. The
data are representative of two to three inde-
pendent experiments and are presented as
mean + SEM.
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challenged with OVA/IL-33, with or without Dex and/or JAK3i
(Fig. 7A). The results showed that treatment with Dex alone failed
to reduce AHR, eosinophil infiltration in BALF, and lung inflam-
mation. Similarly, treatment with JAK3i alone also failed to amelio-
rate asthma (Fig. 7, B to D). However, when both Dex and JAK3i
were administered together, the AHR and inflammatory cell infil-
tration were potently reduced (Fig. 7, B to D, and fig. S9).

Kim et al., Sci. Adv. 9, eadi3770 (2023)
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0.0

Further analysis revealed that Dex blocked CD4" T cells but not
ILC2 production of type 2 cytokines, while JAK3i had the opposite
effect. However, the two treatments together blocked both immune
cell types (Fig. 7, E to I). This suggests that CD4" T cells and ILC2s
may produce type 2 cytokines via different signaling pathways.
JAK3i reduced the IL-17A-producing lung ILC2 population
induced by OVA/IL-33, whereas Dex did not have any effect on
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Fig. 7. JAK3 inhibitor ameliorates steroid-resistant asthma when it is administered together with a steroid. (A) Schematic diagram of the OVA/IL-33—induced
steroid-resistant asthma model and its treatment with Dex and/or JAK3i. (B) AHR. (C) Immune-cell counts. (D) H&E staining of the lungs. Scale bars, 200 ym. (E to I)
Frequencies of IL-5— and IL-13—producing CD4" T cells (gated as CD45"Lineage™CD4" cells) and ILCs (gated as CD45*Lineage CD90.2" cells). Representative dot
plots are shown in (E). The frequencies of IL-57 CD4" T cells (F), IL-13* CD4" T cells (G), IL-5" ILC2s (H), and IL-13" ILC2s (I) are plotted. (J and K) Frequencies of IL-
17A-producing IL-5¥IL-13" ILCs (gated as CD45*Lineage”CD90.2*IL-57IL-13" cells). Representative dot plots are shown in (J). The frequencies are plotted in (K). *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by one-way ANOVA followed by Bonferroni's posttest. The data are representative of two to three independent ex-
periments and are presented as mean + SEM.
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this population (Fig. 7, ] and K). These findings suggest that JAK3i
may improve steroid-resistant asthma by blocking the development
of multipotent ILC2s.

Additionally, the effects of Dex and JAK3i on inflammatory cells
in the lungs were distinct. Dex treatment reduced the number of
neutrophils and DCs, whereas JAK3i did not affect these cell
types. Neither treatment alone was able to reduce the number of eo-
sinophils, but the combination of both treatments significantly de-
creased eosinophilia (fig. S9, A to D). Together, these findings
suggest that the combined administration of corticosteroid and
JAK3i effectively improved steroid-refractory asthma by inhibiting
CD4" T cells and ILC2s, respectively. Notably, JAK3i may exert its
beneficial effect by down-regulating steroid-resistant multipotent
lung ILC2s, which could be generated by the combination of ILC-
stimulating cytokines that are elicited by asthma triggers.

DISCUSSION

In asthma, corticosteroid resistance is an important clinical issue.
Our study used a model of steroid-resistant asthma (OVA/IL-33)
driven by both T2 cells and ILC2s to show that while the T2
cells remain sensitive to Dex, the ILC2s do not. This difference
was confirmed in an in vitro model of differential steroid resistance,
1L-2/7/33—treated ILC2s, and T2 cells. IL-33 itself did not induce
ILC2 steroid resistance. Conversely, the combined treatment of IL-
2/7/33 induced steroid-resistant ILC2s, and intratracheal inocula-
tion of IL-33 combined with TSLP generated steroid-resistant
asthma. Therefore, ILC2s may only acquire steroid resistance
when multiple ILC-stimulatory cytokines are present. Analysis of
GSE112937 RNA sequencing data then showed that activated
ILC2s up-regulated gene sets in the JAK/STAT pathway, but not
in the NF-kB and MAPK pathways. In vitro analyses with IL-2/7/
33-stimulated ILC2s showed that pharmacological inhibition of
JAKS3 signaling with JAK3i down-regulated the type 2 cytokine pro-
duction of these cells. JAK3i was then shown to not only inhibit the
type 2 cytokine production of ILC2s in the OVA/IL-33 steroid-re-
sistant asthma model but also strongly ameliorate asthma when ad-
ministered with Dex. The steroid resistance of both the IL-2/7/33—
stimulated in vitro ILC2s and OVA/IL-33-induced asthma was as-
sociated with the emergence of a multipotent (IL-5'IL-13"IL-17A")
ILC2 population that disappeared when JAK3i was administered.
Therefore, ILC2s may acquire steroid resistance via a selective
JAK3/STAT pathway stimulated by combinations of cytokines, gen-
erating a multipotent ILC2 subpopulation.

There is limited evidence supporting the notion that ILC2s may
help mediate steroid-resistant asthma. Nagakumar et al. (9) found
that steroid-resistant asthma patients have more sputum ILC2s than
control asthma patients. Smith et al. (33) also showed that ILC2s,
even with strong oral corticosteroid treatment, can cause ongoing
airway eosinophilia in severe asthma patients. Meanwhile, Luo
et al. (34) reported that circulating ILC2s from steroid-resistant
asthma patients rose after steroid treatment, unlike T2 cells. More-
over, van der Ploeg et al. (35) observed that asthma patients have
more inflammatory CD45RO" ILC2s in the inflamed mucosal
tissues and blood of asthma patients than controls. These ILC2 fre-
quencies correlate with disease severity and steroid resistance. They
also showed that circulating ILC2s from healthy subjects display
steroid resistance. Additionally, Liu et al. (36) showed that
sputum ILC2s from asthma patients were steroid resistant, although
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circulating ILC2s were not. Furthermore, Kabata et al. (10) devel-
oped the OVA/IL-33 steroid-resistant asthma model in mice that
we used in the present study. Like us, they showed that this
asthma is associated with the accumulation of steroid-resistant
ILC2s in the lungs. These studies thus support the notion that
ILC2s could help mediate steroid-refractory asthma.

Several mechanisms by which ILC2s may acquire steroid resis-
tance have been also proposed in previous studies. For instance,
Luo et al. (34) found that peripheral blood ILC2s from healthy sub-
jects express higher levels of the anti-apoptotic genes BCL2 and
BCL2L1 and lower levels of the pro-apoptotic genes BAX1 and
BAKI1 than Ty2 cells. This suggests that ILC2s are less sensitive to
the pro-apoptotic effects of steroids than Ty2 cells, which could
explain their resistance to steroids. Human studies by Liu et al.
(36) and van der Ploeg et al. (35) and a mouse study by Kabata
et al. (10) also suggest that TSLP may play an important role in
the steroid resistance of ILC2s. Liu et al. (36) found that the TSLP
levels in the sputum of asthma patients correlated with the steroid
resistance of the sputum ILC2s. Van der Ploeg et al. (35) noted that
IL-33 and TSLP together convert CD45RA" ILC2s, which are
steroid-sensitive, into steroid-resistant CD45RO" ILC2s in vitro;
TSLP on its own did not have this effect. Kabata et al. (10) observed
that steroid-sensitive murine ILC2s became steroid resistant when
stimulated in vitro with both IL-33 and TSLP. Additionally, our
study shows that activated ILC2s induced by IL-33 alone are
steroid- sensitive and that combining IL-33 with IL-2/7 could gen-
erate steroid-resistant ILC2s. Together, these observations suggest
that the steroid resistance of ILC2s requires their activation by not
only IL-33 but also another stimulant. In the latter case, our in vitro
studies confirmed that combining IL-33 with IL-2/7 could generate
steroid-resistant ILC2s.

Our study demonstrated that up-regulation of STAT3, STATS5,
and STAT6 was associated with ILC2s acquiring steroid resistance.
Similarly, Liu et al. (36) and Kabata et al. (10) also demonstrated
that STATS5 is involved in the induction of steroid resistance in
ILC2s. Because STAT3, STAT5, and STAT6 are primarily associated
with the production of type 3, type 1, and type 2 cytokines, respec-
tively (29), this may explain the emergence of multipotent steroid-
resistant ILC2s that produce IL-5, IL-13, and IL-17A in response to
IL-2/7/33 treatment in vitro and the lungs of mice with OVA/IL-33—
induced asthma. The local inflammatory environment may induce
plasticity in ILC2s that enables them to produce both type 3 and
type 2 cytokines, which, in turn, may lead to steroid resistance. Pre-
vious studies suggest that such multipotent ILC2s can form in spe-
cific lung inflammation settings (30, 31). However, the signaling
pathway involved in generating these multipotent ILC2s has not
been identified. Our findings, which indicate that JAK3 inhibition
caused these multipotent ILC2s to disappear, suggest that the JAK/
STAT pathway plays a crucial role in this transformation.

The receptors for both IL-2 and IL-7 share the common y chain
(13), which activates downstream signaling through the PI3K-Akt,
Ras-MAPK, and JAK-STAT pathways (37). Our analysis of the
GSE112937 RNA sequences revealed that the JAK/STAT pathway
likely plays a critical role in ILC2 activation. This finding is support-
ed by the importance of the JAK/STAT pathway in ILC develop-
ment and maturation (15): Jak3™'~ mice exhibit reduced numbers
of CLP, CHILP, and ILC2P (38), while patients with JAK3 and IL-
2Ry mutations lack ILCs (39). Additionally, the JAK/STAT pathway
also plays substantial roles in ILC2 functions in disease: STAT6
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induces the proliferation and amphiregulin secretion of ILC2s in Al-
ternaria-induced asthma (40), and Nippostrongylus brasiliensis—in-
fected STAT6 ™'~ mice exhibit fewer IL-13—producing ILC2s than
control-infected mice (41). Furthermore, we confirmed that JAK3
inhibition induced apoptosis, decreased proliferation, and
reduced type 2 cytokine expression in ILC2s stimulated in vitro
with IL-2/7/33. This not only supports the notion that the JAK/
STAT pathway plays a critical role in ILC2 activation but also sug-
gests that inhibiting this pathway may be a potential therapeutic
strategy for managing steroid-resistant asthma.

Our study revealed that while both T2 and ILC2 cells contrib-
ute to asthma in the OVA/IL-33 model, only the T2 cells were sen-
sitive to steroids, while the ILC2s were not. In contrast, the ILC2s
became sensitive to JAK3i, whereas the T2 cells did not. Despite
expressing the same cytokine receptors and glucocorticoid recep-
tors (GRs) (12, 42—44), the reasons for these differences in JAK3i
and steroid sensitivity are unclear. However, the differential sensi-
tivity to JAK3i may relate to varying levels of IL-7 receptor (IL-7R)
expression. While high IL-7R levels are required for the survival and
proliferation of naive and memory T cells, T cell receptor signaling
downregulates IL-7R expression in activated effector T cells (45, 46).
It means that Ty2 cells are not dependent on the downstream sig-
naling pathways of IL-7R for their survival and functions, which ex-
plains why JAK3i did not affect them. Conversely, activated ILC2s
maintain high IL-7R expression, which is critical for their survival,
proliferation, and function (47), making them sensitive to JAK3i.
Likewise, the different sensitivities of T2 cells and ILC2s to steroids
may be related to differences in the expression patterns of GR iso-
forms. The gene encoding GR produces two isoforms by alternative
splicing, GR-a and GR- (48). GR-a, the major GR isoform, binds
steroids with high affinity (49), whereas GR-P does not and instead
inhibits GR-a (50, 51). It is possible that upon exposure to OVA/IL-
33 or IL-2/7/33, ILC2s upregulate their GR- expression, leading to
steroid resistance, while T2 cells do not, resulting in steroid sensi-
tivity. This notion is supported by several studies showing that GR-f
expression in multiple BALF and PBMC cells is associated with
steroid insensitivity in asthma (52, 53). Future studies on the GR
isoforms expressed by Ty2 cells and ILC2s in steroid-resistant
asthma are warranted.

JAK inhibitors have emerged as a promising class of drugs for
treating various immune-mediated disorders. Ruxolitinib, a
JAK1/JAK2 inhibitor, is used to treat myeloproliferative neoplasms
(54), while Tofacitinib is approved for patients with methotrexate-
resistant rheumatoid arthritis and psoriatic arthritis (55, 56). Addi-
tionally, Baricitinib, a JAK1 and JAK2 inhibitor, has been approved
by European regulatory agencies for rheumatoid arthritis (57), and
Oclacitinib, a pan-JAK inhibitor, has been approved for allergic der-
matitis in dogs (58). Although JAK inhibitors are not yet approved
for asthma, preclinical studies have shown their potential as a treat-
ment option for this disease. Several JAK inhibitors, including P6 (a
pan-JAK inhibitor), R256 (a JAK1/3 inhibitor), and Tofacitinib,
have been shown to reduce eosinophil numbers, eotaxin, and IL-
13 levels in the BALF of mice with OVA-induced asthma (59-61).
Moreover, inhaled JAK inhibitor iJAK-001 has been shown to sup-
press BALF eosinophilia in mice challenged with Alternaria extract
in a dose-dependent manner (62). In addition, Tofacitinib admin-
istered orally has been found to effectively suppress BALF neutro-
philia in the lung caused by inhaled LPS (63). Therefore, the
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currently available JAK inhibitors may have the potential to be re-
purposed for treating steroid-resistant asthma.

In conclusion, our study suggests that in specific circumstances
that trigger asthma, a localized inflammatory environment can lead
to the emergence of steroid-resistant multipotent ILC2s that con-
tribute to steroid-refractory asthma. Our findings also indicate
that JAK3 inhibitors can effectively alleviate steroid-resistant aller-
gic asthma by reducing these multipotent ILC2s in conjunction
with steroids. This discovery implies that JAK3 inhibitors may
offer a promising therapeutic strategy to overcome corticosteroid
resistance in asthma. Additionally, the sensitivity of ILC2s to
JAKS3 inhibitors suggests that these inhibitors could have therapeu-
tic applications in various ILC2-related diseases (64).

MATERIALS AND METHODS

Mice

C57BL/6 mice (ages 6 to 8 weeks) were purchased from Koatech
(Gyeonggi-do, South Korea). Ragl '~ mice on the C57BL/6 back-
ground were purchased from the Jackson Laboratory (ME, USA).
Rag2™'~yc™'~ mice were purchased from the Taconic Biosciences
(NY, USA). All animals were housed in a specific pathogen—free
animal facility at Seoul National University Hospital (Seoul,
South Korea).

Mouse models of asthma

To induce the asthma model in Figs. 1 and 7, mice were injected
intraperitoneally with 100 ug of OVA (Sigma-Aldrich, MO, USA)
and 2 mg of alum adjuvant (Thermo Fisher Scientific, CA, USA).
A week later, 50 g of OVA with or without 250 ng of recombinant
mouse IL-33 (BioLegend, CA, USA) was inoculated via intratra-
cheal injection on the indicated days (Figs. 1A and 7A). The
asthma model used in Fig. 2 was generated by intratracheal inocu-
lation of 250 ng of IL-33 and 100 ng of TSLP (R&D Systems, MN,
USA). To test the steroid resistance of all models, the mice were
treated with 5 mg/kg Dex (Sigma-Aldrich, MO, USA) via intraper-
itoneal injection. The asthma models used in Fig. 6 and figs. S7 and
S8 were generated by intratracheal inoculation of 10 pg of A. alter-
nata extract (Greer, NC, USA). In Fig. 6, we adoptively transferred 3
x 10° ILC2s treated with rmIL-2/7/33 alone or in combination with
a JAK3 inhibitor (JAK3i) into Rag2™~yc™'~ mice. Subsequently, we
induced an asthma model in these mice by injecting Alternaria
extract (Fig. 6]). In some experiments, the mouse models in Figs.
6 and 7 and fig. S8 were inoculated with JAK3-selective inhibitor
(10 mg/kg, PF06651600; Sigma-Aldrich) via intragastric injection.

Measurement of AHR

AHR was measured by an invasive measurement system Buxco Fi-
nePointe Resistance and Compliance (DSI, MN, USA). Mice were
anesthetized with an intraperitoneal injection of pentobarbital
sodium (150 mg/kg), tracheotomized, and intubated with an 18-
gauge stainless steel catheter. Airflow and lung resistance were mon-
itored after the methacholine (Sigma-Aldrich, MO, USA) challenge
in a dose-dependent manner.

Histological analysis

To measure immune cell infiltration into the lungs, whole lung
tissue was fixed with 4% paraformaldehyde and embedded in par-
affin for sectioning. The paraffin blocks were cut into 4-um-thick
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sections, and H&E staining was performed to analyze the patholog-
ical changes and airway inflammation.

Differential counting of immune cells in BALF

To measure immune cell infiltration into BALF, BALF cells were
attached to slide glass by using cytospin and then stained with
Diff Quik solution (Sysmex Corporation, Japan) according to the
manufacturer’s instructions. Macrophages, neutrophils, eosino-
phils, and lymphocytes were identified based on their morphology
and counted.

Preparation of cells from murine lungs

To isolate single cells from lungs, lung tissues were digested with
RPMI 1640 media (Welgene, Gyeongsangbuk-do, South Korea)
supplemented with collagenase type IV (1 mg/ml; Worthington
Biochemical Corp, NJ, USA) and DNase I (0.5 mg/ml; Sigma-
Aldrich, MO, USA) for 90 min at 37°C. The digested tissues were
filtered with 40-um cell strainer and the red blood cells (RBCs) were
lysed with RBC lysis buffer (BioLegend, CA, USA). To isolate the
ILC2s from the lungs, mice were treated intratracheally with 500
ng of IL-33 (BioLegend) for 3 consecutive days and, after 7 days,
the lungs were digested as described above. The ILC2s were then
isolated with the EasySep Mouse Pan-ILC Enrichment Kit (STEM-
CELL Technologies Inc., Vancouver, Canada).

Tu2 cell differentiation

To induce T2 cell differentiation, the spleen from naive mice was
ground in a 40-pm strainer and the RBCs were lysed with RBC lysis
buffer (BioLegend, CA, USA). The splenocytes were then cultured
with CellXVivo Mouse T2 Cell Differentiation Kit (R&D Systems,
MN, USA) according to the manufacturer’s instructions.

Human subjects and sample preparation

We recruited 10 healthy donors and four asthma patients from the
Department of Internal Medicine, Seoul National University Hos-
pital (Seoul, South Korea). The asthma patients all met the following
criteria: they had chronic respiratory symptoms (e.g., coughing,
mucus hyperproduction, dyspnea, and wheezing) and were positive
on the bronchial provocation test that was used to confirm AHR
[defined as <16 mg/ml methacholine induced a 20% fall of forced
expiratory volume in 1 s (FEV,)]. Blood samples were obtained
from the healthy donors and centrifuged at 2000 rpm for 10 min
at 4°C to separate the blood cells from the plasma. To isolate the
PBMC s, the blood cells were diluted with phosphate-buffered
saline (PBS), loaded on Ficoll-Paque PLUS density gradient
medium (GE Healthcare, IL, USA), and centrifuged at 1800 rpm
for 25 min at room temperature without braking. The PBMC
layer was collected from the buffy coat and washed with PBS. The
isolated PBMCs were then stored with Cellbanker I (Zenoagq, Japan)
at —80°C. Human ILC2s were isolated from PBMCs with the
EasySep Human Pan-ILC Enrichment Kit (STEMCELL Technolo-
gies Inc., Vancouver, Canada). Human naive CD4" T cells were iso-
lated with the Mojosort Human CD4 Naive T cell Isolation Kit
(BioLegend, CA, USA) and differentiated to Ty2 cells using CellX-
Vivo Human T2 Cell Differentiation Kit (R&D systems, MN,
USA). Induced sputum was obtained from the healthy donors
and asthma patients and incubated with 0.1% dithiothreitol
(Sigma-Aldrich, MO, USA) for 20 min at 37°C to eliminate the
mucus. It was then filtered with a 70 pm strainer and centrifuged
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to obtain the pellet. The pellet was lysed with radioimmunoprecipi-
tation assay (RIPA) lysis buffer (Biosesang, Gyeonggi-do, South
Korea) for Western blotting analysis.

In vitro treatment of murine and human cells with Dex and
inhibitors

Murine ILC2s and Ty2 cells cultured in RPMI 1640 (Welgene,
Gyeongsangbuk-do, South Korea) supplemented with 10% fetal
bovine serum (Biowest, MO, USA) and gentamicin (10 ug/ml;
Biowest) were activated with recombinant mouse (rm)IL-2, IL-7,
and IL-33 (20 ng/ml; all from BioLegend, CA, USA) for 3 days at
37°C. Human ILC2s and Ty2 cells were cultured in the same
medium and activated with recombinant human (rh)IL-2, IL-7,
and IL-33 (20 ng/ml; all from BioLegend) for 3 days at 37°C. In
some experiments, the cells were treated for the same duration
with 100 nM Dex (Sigma-Aldrich, MO, USA), 10 nM pan-JAK in-
hibitor (Tofacitinib; Sigma-Aldrich), 5 nM JAK1/2 inhibitor
(AZD1480; Sigma-Aldrich), 50 nM JAK3 inhibitor (PF06651600;
Sigma-Aldrich), 78 uM JANEX-1 (MedChemExpress, NJ, USA), 1
nM Branebrutinib (MedChemExpress), 10 uM STAT3 inhibitor
(Stattic; R&D systems, MN, USA), 50 uM STAT5 inhibitor
(STAT-IN-1; MedChemExpress), and/or 30 nM STAT6 inhibitor
(AS1517499; MedChemExpress).

Flow cytometry

Single cells that were isolated from tissues were stained with the
Zombie Aqua Fixable Viability Kit (BioLegend, CA, USA) to
exclude dead cells, blocked with anti-CD16/CD32 (BD Bioscience,
NJ, USA), and surface stained with the following fluorochrome-
labeled monoclonal antibodies for 30 min at 4°C: anti-CD3e
(clone 145-2C11, BD Bioscience), anti-CD4 (RM4-5, BioLegend),
anti-CD11b (M1/70, BD Bioscience), anti-CD11c (HL3, BD Bio-
science), anti-CD19 (ID3, BD Bioscience), anti-CD45 (30-F11, Bi-
oLegend), anti-CD49b (DX5, BD Bioscience), anti-CD90.2 (30-
H12, BioLegend), anti-F4/80 (BMS8, BioLegend), anti-FceRIa
(MAR-1, BioLegend), anti-I-A® (AF6-120.1, BioLegend), anti-
Ly6G (1A8, BioLegend), and anti-SiglecF (E50-2440, BD Bio-
science). For intracellular cytokine staining, the cells were stimulat-
ed with phorbol 12-myristate 13-acetate (PMA, 100 ng/ml; Sigma-
Aldrich, MO, USA) and ionomycin (1 ug/ml; Sigma-Aldrich) in the
presence of GolgiStop (BD Bioscience) in RPMI 1640 (Welgene,
Gyeongsangbuk-do, South Korea) supplemented with 10% fetal
bovine serum (Biowest, MO, USA) and gentamicin (10 pg/ml;
Biowest) for 3 hours at 37°C. After surface staining, the cells were
fixed and permeabilized with the Cytofix/Cytoperm kit (BD Bio-
science) and stained with anti-IL-5 (TRFK5, BioLegend), anti-IL-
13 (eBiol3A, Invitrogen, CA, USA), anti-IFN-y (XMG1.2, BioLe-
gend), and anti-IL-17A (TC11-18H10.1, BioLegend) antibodies. To
identify apoptotic cells, surface-stained cells were stained with an
annexin V staining kit (BioLegend). To identify proliferating cells,
surface-stained cells were fixed and permeabilized with the Foxp3/
Transcription Factor Staining Buffer Set (Invitrogen) and then
stained with anti-Ki67 (16A8, BioLegend). To measure the phos-
phorylated form of proteins intracellularly, surface-stained cells
were fixed with fixation buffer (BioLegend), permeabilized with
True-Phos Perm Buffer (BioLegend), and then stained with anti-
pSTAT3 (Tyr705; 13A3-1, BioLegend), anti-pSTATS5 (Tyr694; 47/
Stat5, BD Bioscience), and anti-pSTAT6 (Tyr641; CHI2S4N, Invi-
trogen) antibodies. To stain human cells, cultured ILC2s and Ty2
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cells were stimulated with PMA and ionomycin, as indicated above.
Surface molecules were stained with anti-CD45 (clone HI30, BioL-
egend), anti-CD3e (UCHTI, BioLegend), anti-CD4 (A161A1, Bi-
oLegend), anti-CD11c (3.9, BioLegend), anti-CD11b (ICRF44,
BioLegend), anti-CD14 (HCD14, BioLegend), anti-CD19 (HIB19,
BioLegend), anti-CD49b (P1E6-C5, BioLegend), anti-CD127
(A019D5, BioLegend), and anti-FceRIa (AER-37, BioLegend).
The cells were then fixed and permeabilized with the Cytofix/Cyto-
perm kit (BD Bioscience) and stained with anti-IL-5 (JES1-39D10,
BioLegend) and anti-IL-13 (JES10-5A2, BioLegend) antibodies.
Flow cytometry was performed using BD LSRFortessa X-20 and
BD LSR II and the data were analyzed by FlowJo (V10.2) software.

Western blot

ILC2s that were stimulated with cytokines and inhibitors or the
sputum pellet of human subjects were lysed with RIPA lysis
buffer (Biosesang, Gyeonggi-do, South Korea) and centrifuged at
13,000 rpm for 10 min at 4°C. The protein concentration was quan-
tified with a Bradford assay. The same amount of protein per sample
was loaded onto 8% tris-glycine SDS-polyacrylamide gels and elec-
troblotted on polyvinylidene difluoride membranes. The mem-
branes were blocked at room temperature for 1 hour with 5%
bovine serum albumin (BSA; Bovogen biologicals, VIC, Australia)
in tris-buffered saline with 0.1% Tween 20 (0.1% TBS-T) to analyze
the phosphorylated form of proteins or in 5% skim milk in 0.1%
TBS-T to analyze the total protein form. The blocked membranes
were incubated with the following primary antibodies overnight at
4°C: phospho-STAT1 (clone D4A7, Cell Signaling Technology, MA,
USA), phospho-STAT2 (polyclonal, Bioss, MA, USA), phospho-
STAT3 (D3A7, Cell Signaling Technology), phospho-STAT4 (poly-
clonal, Bioss), phospho-STAT5 (D47E7, Cell Signaling Technolo-
gy), phospho-STAT6 (D8S9Y, Cell Signaling Technology), Stat
Antibody Sampler Kit II (Cell Signaling Technology), phospho-
MEK1/2 (41G9, Cell Signaling Technology), phospho-ERK1/2
(polyclonal, Cell Signaling Technology), phospho-p38 (D3F9, Cell
Signaling Technology), phospho-JNK (G9, Cell Signaling Technol-
ogy), phospho-p65 (93HI, Cell Signaling Technology), MEK1/2
(D1AS5, Cell Signaling Technology), ERK1/2 (polyclonal, Cell Sig-
naling Technology), p38 (D13E1, Cell Signaling Technology),
JNK (polyclonal, Cell Signaling Technology), IkBa (L35A5, Cell Sig-
naling Technology), and B-actin (polyclonal, Bioss). The cells were
then incubated at room temperature for 1 hour with the appropriate
horseradish peroxidase—conjugated secondary antibodies in 0.1%
TBS-T.

Study approval

All animal experiments were approved by the Institutional Animal
Care and Use Committee in Seoul National University Hospital
(SNUH-TIACUC 19-0106) and all animals were maintained accord-
ing to the Guide for the Care and Use of Laboratory Animals Eighth
Edition, NRC (2010) in a facility accredited by Association for As-
sessment and Accreditation of Laboratory Animal Care (AAALAC)
International (#001169). All human subjects who were enrolled in
this study provided written informed consent. The study protocol
was approved by the Seoul National University Hospital Institution-
al Review Board (IRB numbers 1607-148-778 and 1810-036-977).
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Statistics

To analyze the normality of the data, the Shapiro-Wilk normality
test was conducted. Two groups were compared by using the
Mann-Whitney test or unpaired t test. To compare multiple
groups, a one-way analysis of variance (ANOVA) followed by Bon-
ferroni's posttest was conducted. To analyze the treatment-induced
changes per sample relative to baseline, a paired t test or one-way
repeated-measures ANOVA followed by Bonferroni's posttest was
used. The data were expressed as mean + SEM or SD. P values
less than 0.05 were considered significant. All statistics were per-
formed with GraphPad Prism 7.

Supplementary Materials
This PDF file includes:

Figs. S1 to S9

Table S1
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