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Introduction

Allergic asthma is a chronic inflammatory airway disease charac-
terized by airway eosinophilia, mucus hypersecretion, and airway
hyperresponsiveness (1). Its incidence is steadily increasing, with
an estimated 339 million people affected worldwide (2). The most
common treatment is topical inhaled corticosteroid application,
which, while effective, is associated with corticosteroid nonspe-
cific suppression of immune responses, resulting in increased
incidence of infections such as esophageal candidiasis. Further,
steroids are only temporarily effective and do not provide a cure
for asthma. To move toward a cure, we must better understand the
underlying pathophysiology of this process.

A defining feature of allergic responses, such as in asthma,
is an antigen-specific Th2-dominant immune response, which
can develop through interactions among many different types of
cells. It is well established that biologically active substances, such
as cytokines, play crucial roles, and allergy research has strongly
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A common variant in the RAB27A gene in adults was recently found to be associated with the fractional exhaled nitric oxide
level, a marker of eosinophilic airway inflammation. The small GTPase Rab27 is known to regulate intracellular vesicle

traffic, although its role in allergic responses is unclear. We demonstrated that exophilin-5, a Rab27-binding protein, was
predominantly expressed in both of the major IL-33 producers, lung epithelial cells, and the specialized IL-5 and IL-13 producers
in the CD44"CD62L"°CXCR3" pathogenic Th2 cell population in mice. Exophilin-5 deficiency increased stimulant-dependent
damage and IL-33 secretion by lung epithelial cells. Moreover, it enhanced IL-5 and IL-13 production in response to TCR and
IL-33 stimulation from a specific subset of pathogenic Th2 cells that expresses a high level of IL-33 receptor, which exacerbated
allergic airway inflammation in a mouse model of asthma. Mechanistically, exophilin-5 regulates extracellular superoxide
release, intracellular ROS production, and phosphoinositide 3-kinase activity by controlling intracellular trafficking of Nox2-
containing vesicles, which seems to prevent the overactivation of pathogenic Th2 cells mediated by IL-33. This is the first
report to our knowledge to establish the significance of the Rab27-related protein exophilin-5 in the development of allergic
airway inflammation, and provides insights into the pathophysiology of asthma.

focused on the functions of such biologically active substances
and their producers in the etiology of allergy. On the other hand,
although biological substances including cytokines are released
from their producer cells extracellularly to engage their target
cells, our understanding of the role of secretory machinery in
allergy has advanced little.

Secretory machinery is classified into 2 pathways: constitutive
and regulated. In the former, biologically active molecules are
released consecutively upon their synthesis. In the latter, mole-
cules are preformed, stored in vesicles, and rapidly released upon
stimulation, and comprises a highly developed regulatory pathway
in higher organisms that is essential for rapid intercellular com-
munication. Rab27 is a small GTPase belonging to the Rab super-
family, and is well recognized as an essential player in regulated
secretion (3). The role of Rab27a in insulin secretion by pancreatic
B cells (4), as well as in melanosome transfer from melanocytes to
keratinocytes (5), is well established. It is also known to positively
regulate secretion of cytotoxic granules by cytotoxic cells such as
NK cells and cytotoxic T cells (6, 7), and mutation of Rab27a in
humans results in type II Griscelli syndrome, one of the familial
hemophagocytic syndromes accompanied by immune dysfunc-
tion and albinism (8). In addition, Rab27a regulates cell functions
by controlling intracellular trafficking of NADPH oxidase-con-
taining vesicles and subsequent intracellular ROS production in
macrophages and neutrophils (9, 10). On the other hand, although
it is reported that Rab27 is expressed in other immune cells such
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as mast cells where it regulates exocytosis (11, 12), dendritic cells
(DCs) (13), Th cells (7), and lung epithelial cells (14), all of which
play essential roles in antigen-specific allergic immune responses
in the lung, the roles of Rab27 in the net allergic immune respons-
es in vivo are unknown. A recent study showed a link between
RAB27A single nucleotide polymorphism (SNP) and fractional
exhaled nitric oxide (FeNO) levels (15), an indicator of allergic
airway inflammation (16), suggesting the involvement of Rab27 in
the regulation of allergic immune responses.

Eleven effectors have been shown to bind the active, GTP-
bound form of Rab27 and regulate intracellular vesicle traffic at
specific steps (3). Among these 11 Rab27 effectors, the present
study focused on exophilin-5, a large protein composed of 1960
and 1989 amino acids in mice and humans, respectively. Com-
pared with the other Rab27 effectors, its biological function
remains obscure, and few studies have investigated its biological
functions. For example, in humans, mutation of the exophilin-5-
encoding EXPHS5 gene causes skin fragility, which results in the
development of epidermolysis bullosa (17). In cells, exophilin-5
is reported to positively regulate exosome secretion in HeLa cells
(18) and intracellular trafficking of PI4-kinase type 2a-containing
late endosomes in the human T cell leukemia cell line Jurkat (19).
Moreover, a recent study revealed that exophilin-5 is present in a
human Th2-enriched memory-type CD4* cell fraction (20). How-
ever, the role of exophilin-5 in asthmatic responses is unclear. In
the present study, using newly developed exophilin-5-knockout
(Exph5-KO) mice and mouse models of asthma, we uncovered
a role of exophilin-5 as a regulator of IL-33 signaling in antigen-
induced allergic immune responses.

Results

Lack of exophilin-5 exacerbates OVA-induced allergic inflammation.
Because asthma is a well-established allergic disease in which
CD4* Th cells play essential roles, and exophilin-5 is reported to
be expressed in the human CD4* T cell line Jurkat (19) and human
Th2-enriched CD4" cell fraction (20), we investigated the roles of
exophilin-5 in antigen-induced allergic airway inflammation using
newly generated Exph5-KO mice (Figure 1A). Exph5-KO mice
were viable and fertile, showed no gross phenotypic abnormalities
in body weight, growth, organ structures, or immune cell composi-
tion in peripheral lymph tissues, and did not spontaneously devel-
op eosinophilic lung inflammation (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI127839DS1). We first confirmed that OVA/alum
sensitization alone in the absence of airway OVA challenges did
not cause eosinophilic lung inflammation either in WT mice or in
Exph5-KO mice (Supplemental Figure 1B). Next, spleen cells and
thoracic lymph nodes were isolated from mice 7 days after the sec-
ond OVA /alum injection and 24 hours after the final airway chal-
lenge, respectively, and were cultured in the presence and absence
of OVA. In response to this ex vivo OVA restimulation, cells of both
types from Exph5-KO mice produced higher amounts of typical
Th2 cytokines IL-4, IL-5, and IL-13, especially IL-5 with a statisti-
cal significance, but not the typical Thl cytokine IFN-y, compared
with those from WT mice (Figure 1, B and C, and Supplemental
Figure 1, C and D). Consistently, levels of IL-5 and IL-13 (Figure 1D
and Supplemental Figure 1E), eosinophil infiltration (Figure 1E),
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and mucus production (Figure 1F) were markedly enhanced in the
lungs of Exph5-KO mice after 3 days of OVA challenges. Airway
hyperresponsiveness also tended to be enhanced in Exph5-KO
mice (Figure 1G). These results suggest that systemic exophilin-5
deficiency enhances OVA-induced allergic airway inflammation,
possibly through upregulation of OVA-specific Th2 cytokine pro-
duction by immune cells.

Exophilin-5 deficiency in hematopoietic cells is essential for
induction of enhanced allergic airway inflammation. Because exo-
philin-5 is reported to be expressed in both hematopoietic and
nonhematopoietic cells (17, 19, 20), we next used bone marrow-
chimeric (BM-chimeric) mice to identify the cells responsible for
the phenotypes observed in Exph5-KO mice in an OVA-induced
mouse model of asthma. Although exophilin-5 deficiency in
BM cells did not affect the induction of OVA-specific Th2-type
immune responses, exophilin-5 deficiency in recipient mice tend-
ed to enhance it (Figure 2A). However, exophilin-5 deficiency in
BM cells significantly exacerbated eosinophilic lung inflamma-
tion to a level similar to that induced by exophilin-5 deficiency in
the whole body (Figure 2B), along with enhanced mucus produc-
tion (Figure 2C). We confirmed that BM cell transplantation itself
did not cause spontaneous development of eosinophilic lung
inflammation in the absence of OVA antigen inhalation (Supple-
mental Figure 1F). These results indicate that lack of exophilin-5
in hematopoietic cells is sufficient to phenocopy the exacerbated
allergic airway inflammation in Exph5-KO mice without affecting
antigen sensitization induced by intraperitoneal antigen injec-
tions. The finding that exophilin-5 deficiency in recipient mice,
regardless of types of transplanted BM, tended to affect both the
antigen sensitization phase and subsequent eosinophilic airway
inflammation (Figure 2, A and B) suggests that exophilin-5 defi-
ciency in structural cells also plays some roles in exacerbation of
asthmatic phenotypes in Exph5-KO mice.

Exophilin-5 deficiency enhances IL-33 secretion by epithelial cells.
Because exophilin-5 deficiency has genetically been demonstrat-
ed to induce fragility of keratinocytes in humans (17), we first
examined the roles of exophilin-5 in nonhematopoietic immune
cells. Epithelial cells of organs exposed to the external environ-
ment (e.g., lungs) are well recognized to modulate allergicimmune
responses by secreting cytokines such as IL-33 that can be released
upon epithelial cell damage (21). Thus, we investigated whether
exophilin-5 deficiency enhances IL-33 secretion upon exposure to
external stimuli. Although IL-33 levels in bronchoalveolar lavage
fluid (BALF) after harmless saline injection did not differ between
WT and Exph5-KO mice, IL-33 secretion as well as lactate dehy-
drogenase (LDH) secretion into alveolar spaces after a single
intratracheal injection of external, harmful Alternaria extract was
significantly enhanced in Exph5-KO mice (Figure 3A). Among epi-
thelial cell-derived cytokines, IL-33 was the major cytokine rap-
idly released after Alternaria stimulation. Antigen inhalation also
induces rapid release of endogenous chemical mediators such as
proteases and tumor necrosis factor a by mast cells, which poten-
tially damages epithelial cells in the lungs of antigen-sensitized
individuals (22, 23). In fact, after the third OVA aerosol challenge,
although IL-33 levels in the lung homogenates were comparable
between WT and Exph5-KO mice, rapid IL-33 release into the alve-
olar space was observed in Exph5-KO mice, but not in WT mice
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Figure 1. Exophilin-5 deficiency exacerbates lung inflammation in an OVA-induced mouse model of asthma. (A) Targeted disruption of the exophilin-5
gene on mouse chromosome 9. The blue region in the amino acid sequence of exophilin-5 indicates the Rab-binding domain. Dark and light gray boxes
indicate regions used for PCR genotyping of WT and KO alleles, respectively. Middle insert: Genomic Southern hybridization analysis of the backcrossed
progenies from a cross of chimeric mice with C57BL/6 mice. The location of the external probe is shown with horizontal closed boxes in the upper panel.
The probe hybridizes to Apal fragments of 9.9 kb and 8.4 kb from WT and KO alleles, respectively. Bottom insert: Expression of exophilin-5 protein in
cerebellum from WT and exophilin-5-knockout (Exph5-K0) mice. A blot representative of 3 independent experiments with similar results is shown. (B-D)
Phenotypes of Exph5-KO mice in an OVA-induced mouse model of asthma. (B and C) Cytokine production in response to ex vivo OVA restimulation (1 mg/
mL) by splenocytes (B) and by lung lymph node cells (C). For dose- and time-dependent cytokine production by these cells, refer to Supplemental Figure
1, Cand D. (D) Cytokine levels in the lungs of mice after 3-day OVA aerosol challenges. (E) Cell numbers and differentials in BALF after 3-day 3% OVA
inhalation. Cell differentials were determined by counting of cytospin samples stained with Diff-Quik. n = 4-6 mice combined from at least 2 independent
experiments in B-E. (F) Mucus production by the epithelia was assessed by PAS staining of sliced paraffin-fixed lung sections. An image representative
of 6 samples from 2 independent experiments is shown. Scale bars: 50 um. (G) Airway hyperresponsiveness assessed as change in lung resistance (R ) in
response to methacholine. n = 6 mice combined from 2 independent experiments. *P < 0.05; **P < 0.01 by unpaired t test.
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(Figure 3B). We confirmed that exophilin-5 deficiency in BM cells
did not enhance IL-33 secretion (Figure 3C), suggesting that the
enhanced IL-33 secretion in Exph5-KO mice was not due to alter-
ation in secretion from local hematopoietic cells, such as mast
cells. These results suggest that lung epithelial cells in Exph5-KO
mice are more vulnerable to external stimuli and augment allergic
lung inflammation through their enhanced IL-33 release. CD45"
CD326* alveolar epithelial cells expressed exophilin-5 at a level
equivalent to that in epidermal cells (Figure 4A), which are report-
ed to express exophilin-5 in humans (17).

Exophilin-5 regulates responsiveness to IL-33 in pathogenic Th2
cells. We next investigated the mechanism by which exophilin-5
deficiency in hematopoietic cells exacerbates OVA-induced aller-
gic lung inflammation. Endo et al. recently reported that, among
4 fractions divided by CXCR3 and CD62L expression levels of
effector cytokine-producing splenic CD44" memory T cells, the
CD62L°CXCR3® population selectively produces IL-5 and IL-13
proteins upon T cell receptor (TCR) stimulation (24). On the other
hand, IL-4 and IFN-y are produced by multiple populations. They
also showed that the CD62L°CXCR3® population is essential for
the development of antigen-dependent allergic lung inflamma-
tion, and named those cells pathogenic Th2 cells (25). Based on
these precedents, we sorted these 4 fractions of CD44" splenic
memory-type T cells to examine the expression level of exophil-
in-5 in each fraction (Figure 4A). Splenic CD4* Th cells were first
enriched using microbead-conjugated anti-CD4. Then, 4 popula-
tions in CD3*CD4'CD44" memory T cells were sorted based on
levels of cell surface CD62L and CXCR3. Among hematopoietic
cells, Exph5 mRNA was highly expressed in 2 fractions of CD44"
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memory-type CD4* T cells: CD62L°CXCR3"° and CD62LMCXCR3P.
Exophilin-5 deficiency did not alter expression levels of other 10
Rab27 effectors in either CD4* T cells or pathogenic Th2 cells
(Supplemental Figure 2A). We next tested whether the secretion
of IL-5 and IL-13 was affected by exophilin-5 deficiency. In sub-
sequent experiments, to avoid unnecessary stimulation of T cells
and interference with plate-coated anti-CD3e antibody by anti-
CD3¢ antibody used for staining, we used magnetically sorted
CD4* cells containing approximately 95% CD3*CD4* Th cells (cf.
a representative dot plot shown in Figure 4A). IL-5 and IL-13 pro-
teins were predominantly produced by CD62L°CXCR3" patho-
genic Th2 cells after TCR stimulation in both WT and Exph5-KO
mice, and secretion of neither cytokine was altered by exophilin-5
deficiency (Figure 4B and Supplemental Figure 2B). Consistently,
the expression levels of GATA3, the master transcription factor for
induction of Th2 cytokines (26), were not affected by exophilin-5
deficiency (Supplemental Figure 2, C and D). These findings indi-
cate that the net IL-5 and IL-13 production by total CD4* Th cells
after TCR stimulation discussed hereafter mostly reflects its pro-
duction by pathogenic Th2 cells.

It has been shown that pathogenic Th2 cells express the IL-33
receptor (IL-33R) (alsoknown asinterleukin1receptorlike 1 [IL1RL1]
and ST?2), and that IL-33 is vital for the induction and activation of
pathogenic Th2 cells (27). In fact, among 4 fractions of splenic mem-
ory CD4* T cells obtained from OVA-sensitized WT mice, mRNA
levels of IlIrl1, which encodes IL-33R, were the highest in patho-
genic Th2 cells (Figure 5A). It is also reported that IL-33 enhances
IL-5 and IL-13 production by TCR-activated CD4" T cells (28, 29).
Because IL-33 levels released into alveolar spaces increased along
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Figure 3. IL-33 secretion is enhanced in the lungs of Exph5-KO mice. (A) Levels of epithelial cell-derived cytokines and LDH in BALF of mice obtained 30
minutes after intratracheal injections of PBS or 10 ug of Alternaria extract (Alt). LDH levels were normalized to the averages of those in PBS-treated WT
mice. *P < 0.05; **P < 0.01 by unpaired t test. (B) IL-33 levels in the lungs of mice after the final OVA aerosol challenge. At the indicated time point after
the third OVA aerosol challenge, BALF and lung tissues were collected from OVA-sensitized mice, and IL-33 concentrations in BALF and lung homoge-

nates were determined by ELISA. (C) IL-33 levels in the lungs of mice at 1 hour after the final OVA aerosol challenge. *P < 0.05 by paired t test. Data were

obtained from n = 3-5 mice gathered from 2 to 3 independent experiments.

with increased IL-33 production in OVA-challenged lungs (Figure
3B), we investigated whether exophilin-5 deficiency enhanced IL-5
and IL-13 production by pathogenic Th2 cells in response to IL-33.
Splenic CD4* T cells derived from mice transplanted with Exph5-
KO BM produced much higher levels of IL-5 and IL-13 in response
to IL-33 under TCR stimulation compared with those cells from
mice transplanted with WT BM (Figure 5B and Supplemental Fig-
ure 2E). By contrast, exophilin-5 deficiency in CD4" T cells did not
affect production of either IL-4 or IFN-y in response to the same
stimulation (Supplemental Figure 2F). It was recently reported
that tissue-resident memory T cells reside in the lungs (30). There-
fore, we isolated lung CD4* T cells from mice transplanted with
WT BM or Exph5-KO BM, and examined responsiveness to IL-33
in those cells. We found that, similar to splenic CD4* T cells, exo-
philin-5-deficient lung CD4* T cells produced higher levels of IL-5
and IL-13 in response to TCR and IL-33 stimulation compared with
WT lung CD4" T cells (Supplemental Figure 2G). Because similar
phenotypes were observed in both splenic and lung-resident CD4*
T cells, and the numbers of lung-resident CD4" T cells were limited
(5%-10% of splenic CD4* T cells), we used splenic CD4" T cells for
further analyses. These results indicate that exophilin-5 deficiency
in pathogenic Th2 cells enhances responsiveness to IL-33, which
results in increased IL-5 and IL-13 production by these cells in the
presence of both TCR and IL-33 stimulation. Consistent with this
idea, the exacerbation of eosinophilic lung inflammation observed
in WT recipient mice transplanted with Exph5-KO BM (Figure 2B)

or with splenic CD4"* Th cells was nullified in II33-KO recipient mice
(Figure 5, C and D), indicating that enhanced allergic lung inflam-
mation induced by exophilin-5 deficiency in BM cells and CD4* T
cells was dependent on IL-33.

Although exophilin-5 was expressed in CD11c* splenic DCs at
alow level (Figure 4A), exophilin-5 deficiency did not affect these
DCs’ ability to polarize Th cells into Th1 cells or Th2 cells (Sup-
plemental Figure 3A). Furthermore, exophilin-5 deficiency did not
change IL-5/IL-13 production in response to IL-33 by either lung
CD45" leukocytes (Supplemental Figure 3B) or lung type-2 innate
lymphoid cells (ILC2s) (Supplemental Figure 3C), suggesting that
it did not enhance IL-33-stimulated, antigen-independent IL-5 or
IL-13 production in the lungs. Taken together, these results show
that exophilin-5 deficiency seems to augment allergic lung inflam-
mation by enhancing IL-33 responsiveness in IL-5/IL-13-produc-
ing pathogenic Th2 cells.

Enhanced allergic inflammation in exophilin-5-deficient mice is
dependent on IL-33. To demonstrate IL-33 dependency of the net
exacerbated allergic immune responses in exophilin-5-deficient
mice, we generated Exph5 and /33 double KO (DKO) mice. We
found that enhanced allergic airway inflammation in Exph5-KO
mice was completely inhibited in Exph5 and II33 DKO mice in an
OVA-induced mouse model of asthma (Figure 6A). We also con-
firmed similar results in a house dust mite-driven mouse model of
asthma (Figure 6B). These results indicate that phenotypes observed
in Exph5-KO mice were almost completely dependent on IL-33.
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Figure 4. Exophilin-5 is highly expressed in pathogenic Th2 cells. (A) Exph5 mRNA levels in cell fractions. Exph5 mRNA levels were normalized to the
average values in epidermal cells. Left: Sorting strategy of 4 populations divided by levels of CXCR3 and CD62L in CD3*CD4*CD44" splenic memory T cells.

Right: Exph5 mRNA expression in each cell fraction (n = 3-7). Sp, splenic; PM,

peritoneal macrophages; cerebellum, positive control; L/L, CD62L"°CXCR3';

L/H, CD62L"°CXCR3"; H/H, CD62LMCXCR3M; H/L, CD62LMCXCR3P. (B) Profile of cytokine secretion upon TCR stimulation by 4 fractions of splenic memory Th
cells obtained from nonsensitized WT or Exph5-KO mice. Sorted cells (refer to the dot plot in A) were stimulated with anti-CD3¢ monoclonal Ab (CD3) for 2
days (n = 3 for H/H and n = 4 independent experiments for others). Cytokine levels in the supernatants were then determined by ELISA.

Exophilin-5 deficiency increases the specialized IL-5/IL-13 pro-
ducers, IL-33R-expressing pathogenic Th2 cells. Because IL-33 sig-
nals through its receptor IL-33R, we next investigated the effect
of exophilin-5 deficiency on IL-33R expression on pathogenic
Th2 cells. We isolated splenic CD4* T cells from BM-chime-
ric mice (recipient, WT mice; donor BM, WT mice or Exph5-KO
mice), and examined expression levels of cell surface IL-33R on
CD44"CD62LP°CXCR3" pathogenic Th2 cells. The percentages of
CD44"CD62LP°CXCR3" pathogenic Th2 cellsin CD4* T cells were
similar between mice transplanted with WT BM and those trans-
planted with Exph5-KO BM (Figure 7A). Upon TCR stimulation,
the percentages of IL-33R* pathogenic Th2 cells were significantly
increased only in mice transplanted with Exph5-KO-derived BM
(Figure 7B), without an increase in IL-33R mRNA levels (Supple-
mental Figure 4A), suggesting that this increase in IL-33R expres-
sion is regulated at a step beyond transcription (e.g., translation).
Such an increase in IL-33R* cells was not observed in the CD44"
CD62LMCXCR3"° Th cell fraction, the other fraction with high exo-
philin-5 expression (Supplemental Figure 4B). IL-33R is encoded
by the IlIri1 gene from which soluble ST2, a splicing variant short
isoform of IL-33R without the transmembrane motif that can
function as a decoy receptor for IL-33 to decrease IL-33 binding
to cell surface IL-33R, is also generated (31). We also examined
the effect of exophilin-5 deficiency on soluble ST2 production,
and found that exophilin-5 deficiency did not affect production by
CD4' T cells, pathogenic Th2 cells, or in the whole body, of soluble
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ST2 proteins (Supplemental Figure 4C), suggesting that enhanced
IL-33signaling in exophilin-5-deficient CD4" T cells was not medi-
ated by a decrease in soluble ST2 production. It should be noted
that in contrast to IL-33R" pathogenic Th2 cells, IL-33R* pathogen-
ic Th2 cells selectively produced IL-5 and IL-13, but neither IL-4
nor IFN-y, in response to TCR stimulation (Figure 7C), indicating
that these IL-33R" cells are the specialized IL-5 and IL-13 produc-
ers. It is worth mentioning that the numbers of CD4* T cells used
in Figure 7C was just one-tenth of those used in the other exper-
iments. In addition, we also clarified that Exph5 mRNA was sig-
nificantly enriched in pathogenic Th2 cells expressing a high level
of IlIrll mRNA (Figure 7D). These findings possibly explain why a
relatively small increase in the number of IL-33R* pathogenic Th2
cells (Figure 7B) significantly enhances IL-5 and IL-13 production
in exophilin-5-deficient CD4* T cells after simultaneous TCR and
IL-33 stimulation (Figure 5B). To expand our findings to human
CD4" T cells, we isolated CD4*CCR4" cells from human periph-
eral blood as a memory-type Th2-enriched cell fraction (20, 32),
and examined EXPH5 and ILIRLI mRNA levels in each sample.
We found that EXPH5 mRNA levels positively correlated with
IL-33R-encoding ILIRLI mRNA levels in these cells (Figure 7E),
implying a functional connection between IL-33R and exophilin-5
also in human Th2 cells.

Exophilin-5 deficiency enhances IL-33 responsiveness in IL-5- and
IL-13-producing pathogenic Th2 cells through augmentation of the
PI3K/Akt/mTOR pathway. We next sought to clarify the mech-
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Figure 5. Exophilin-5 deficiency enhances IL-33-mediated IL-5 and IL-13 production by pathogenic Th2 cells. (A) ILTRLT mRNA levels in 4 fractions of
splenic CD44" memory Th cells (n = 4-6 gathered from 4 independent experiments). L/L, CD62L"°CXCR3"; L/H, CD62L"°CXCR3"; H/H, CD62LM"CXCR3M;

H/L, CDB2LMCXCR3P . (B) IL-5 and IL-13 production upon TCR and IL-33 stimulation by splenic CD4* T cells obtained from OVA-sensitized mice. CD4* T cells
obtained from mice transplanted with WT BM or with Exph5-KO BM were cultured with and without anti-CD3g Ab (CD3) with and without IL-33 (2 ng/mL)
for 2 days. Levels of cytokines in the supernatants were then determined by ELISA. AIL-5 and AlL-13 indicate the increase in cytokine production induced
by addition of IL-33. Data were obtained from mice (n = 3-7) gathered from at least 2 independent experiments. (C and D) The role of IL-33 in exacerbated
allergic lung inflammation induced by exophilin-5 deficiency. (C) BALF cell numbers after 3-day OVA airway challenges in //33-KO mice transplanted with
either WT BM or Exph5-KO BM cells (n = 4 mice). (D) BALF cell numbers after 3-day OVA airway challenges in WT or //33-KO mice that received CD4* T cells
obtained from WT or Exph5-KO mice (n = 3-5 mice per group obtained from 2 independent experiments). *P < 0.05; ***P < 0.001 by unpaired t test.

#P < 0.05; #P < 0.01; #*##P < 0.001 by 1-way ANOVA with Tukey's post hoc test.

anism by which exophilin-5 deficiency increases expression of
IL-33R in pathogenic Th2 cells. Because previous studies have
suggested that IL-33R expression is induced by the phosphoinos-
itide 3-kinase (PI3K)/Akt/mTOR pathway (33, 34), we first inves-
tigated whether this pathway was augmented in exophilin-5-defi-
cient pathogenic Th2 cells. We observed that the percentage of
pathogenic Th2 cells expressing high levels of phosphorylated Akt
(p-Akt), a downstream product of PI3K, rapidly increased after 15
minutes and 30 minutes of TCR stimulation in exophilin-5-defi-
cient CD4* Th cells (Figure 8A and Supplemental Figure 5A). In
WT CD4" Th cells, no such increase was observed in p-Akt cells
at these early time points. These results suggest that exophil-
in-5 deficiency somehow enhances the activity of the PI3K/Akt/
mTOR pathway. Consistent with this observation, the PI3K inhib-
itor wortmannin significantly decreased the number of IL-33R*
pathogenic Th2 cells (Figure 8B) and IL-5 and IL-13 production in
response to IL-33 (Figure 8C and Supplemental Figure 5B) only in
exophilin-5-deficient CD4* Th cells. The mTOR inhibitor rapa-
mycin also significantly suppressed IL-5 and IL-13 production in
response to IL-33 in exophilin-5-deficient CD4" Th cells (Figure
8D and Supplemental Figure 5C). mTOR is well known to increase

protein synthesis by enhancing protein translation (35). Consider-
ing our results that exophilin-5 deficiency did not increase IL-33R
mRNA levels (Supplemental Figure 4A), the increase in IL-33R-
expressing cells in exophilin-5-deficient pathogenic Th2 cells is
possibly mediated by enhanced protein translation. Taken togeth-
er, these results suggest that exophilin-5 deficiency enhances
IL-33 sensitivity in pathogenic Th2 cells via augmentation of the
PI3K/Akt/mTOR pathway.

Exophilin-5 deficiency enhances the PI3K/Akt/mTOR pathway
by changing the localization of NADPH oxidase in pathogenic Th2
cells. Next, we investigated the mechanism by which exophilin-5
deficiency enhances the activity of the PI3K/Akt/mTOR path-
way upon TCR stimulation. Among many types of vesicles whose
intracellular trafficking is reported to be regulated by Rab27, we
focused on those harboring Nox2, a phagocyte-type NADPH oxi-
dase mainly expressed in macrophages and neutrophils. Rab27a
is known to regulate intracellular trafficking of Nox2-containing
vesicles upon stimulation in these cells (9, 10). It is also reported
that increased intracellular ROS production regulated by NADPH
oxidases activates the PI3K/Akt/mTOR pathway (36, 37). Fur-
thermore, among 6 different types of NADPH oxidases, Nox2 is
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Figure 6. Exacerbation of allergic lung inflammation in Exph5-KO mice is completely inhibited by lack of IL-33. Cell numbers and differentials in BALF after
3-day 3% OVA inhalation (A) or after 7 intranasal house dust mite (HDM) injections (B). Data were obtained from n = 5-7 mice combined from 2 independent
experiments in A and from n = 10-11 mice combined from 5 independent experiments in B. #P < 0.05; ##P < 0.01 by 1-way ANOVA with Tukey’s post hoc test.

expressed in CD4" T cells (38) and is responsible for extracellular
superoxide release by CD4" T cells upon TCR stimulation (39). In
fact, the levels of Nox2-encoding Cybb mRNA in pathogenic Th2
cells were much higher than those in total CD4" Th cells (Figure
9A) or 3 other fractions of splenic memory-type Th cells, and were
not affected by exophilin-5 deficiency (Figure 9B). We found that
Nox2 bound Rab27a, the major Rab27 isotype expressed in T
cells (19, 40), and formed a protein complex with exophilin-5 in
the presence of Rab27a in HEK293A cells (Figure 9C). Further-
more, Nox2 was translocated from the cell interior to the plasma
membrane in WT pathogenic Th2 cells upon stimulation with
PMA and ionomycin, which has been used to mimic TCR stim-
ulation, whereas this was not the case in exophilin-5-deficient
cells; the percentages of cells with complete loss of cytoplasmic
Nox2 staining upon stimulation were 26.5% in WT cells and 4.2%
in Exph5-KO cells (approximately 80 cells per mice; Figure 9D).
Consistent with this finding, superoxide release after the same
stimulation was significantly decreased in Exph5-KO pathogen-
ic Th2 cells (Figure 9E). Intracellular ROS after stimulation with
PMA /ionomycin (Figure 9F) or TCR stimulation (Figure 9G) was
reciprocally increased in exophilin-5-deficient pathogenic Th2
cells. These results strongly suggest that exophilin-5 deficiency
inhibits intracellular movement of Nox2 to the plasma membrane
and that Nox2 residing in the cytosol produces ROS intracellularly
upon stimulation in pathogenic Th2 cells. Although the lack of a
specific antibody suitable for immunostaining mouse exophilin-5
and the extremely inefficient induction of exogenous exophilin-5
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due to its large size prevented us from examining the association
of exophilin-5 with Rab27a- or Nox2-containing vesiclesin T cells,
we found that exogenous Nox2 colocalized with Rab27a in CD4*
T cells (Supplemental Figure 6A). Similarly to exophilin-5-defi-
cient cells, CD4" T cells from Rab27a-deficient ashen mice tended
to enhance IL-5 production in response to IL-33 stimulation and
to suppress extracellular superoxide secretion after PMA and ion-
omycin stimulation (Supplemental Figure 6, B and C). Although
we could not directly clarify their interaction in T cells due to
technical limitations described above, these findings suggest that
Rab27a and exophilin-5 cooperatively regulate the trafficking of
Nox2-containing vesicles in CD4* T cells.

To establish the role of the NADPH oxidase-mediated signal-
ing pathway in IL-33-dependent IL-5 and IL-13 production, we
investigated the effect of the NADPH oxidase inhibitor, diphenyl-
eneiodonium (DPI), on pathogenic Th2 cells. DPI significantly
reduced the number of IL-33R" cells (Figure 10A), and completely
blocked the enhanced responsiveness to IL-33 in Exph5-KO mice
(Figure 10B) and in mice transplanted with Exph5-KO BM (Figure
10C). These findings indicate that enhanced IL-33 sensitivity in
pathogenic Th2 cells induced by exophilin-5 deficiency is caused
by inhibition of the intracellular trafficking of Nox2-containing
vesicles (Figure 10D).

Discussion
In the present study, we showed that deficiency of the Rab27 effec-
tor, exophilin-5, exacerbated allergic lung inflammation and that
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of culture, respectively. A representative dot plot after 2.5 hours of culture is shown in B. (C) Cytokine profiles of IL-33R~ versus IL-33R* cells in pathogenic
Th2 cells. Each fraction was sorted from splenic CD4* Th cells of OVA-sensitized Exph5-KO mice, and were cultured at 1.5 x 10* cells/well (one-tenth of the
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(B-actin) were determined as described in Methods (n = 12 subjects). *P < 0.05; **P < 0.01 by paired (B) or unpaired (C and D) t test.

exophilin-5 regulates antigen-induced allergic immune respons-
es by mediating responsiveness to IL-33 in IL-5/IL-13-producing
pathogenic Th2 cells. This is the first study to our knowledge to
describe this role of exophilin-5, a regulator of vesicle trafficking,
in allergic immune responses.

We first hypothesized that exophilin-5 regulates allergic lung
inflammation by controlling secretion of cytokines. Although

exophilin-5-deficient lung epithelial cells indeed enhanced
IL-33 release, possibly due to their fragility, exophilin-5-defi-
cient hematopoietic immune cells did not show altered cytokine
secretion. Given that exophilin-5 deficiency in hematopoietic cells
completely phenocopied the exacerbated allergic lung inflamma-
tion in Exph5-KO mice, there could be other mechanisms in play.
We found that exophilin-5 deficiency enhances IL-5 and IL-13
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Tukey's post hoc test. TP < 0.05; "P < 0.01 by repeated-measures ANOVA with Tukey’s post hoc test.

production through augmentation of PI3K/Akt/mTOR signal-
ing in pathogenic Th2 cells, and that Nox2, an NADPH oxidase,
is the target for exophilin-5 in this context. NADPH oxidases are
known to modulate kinase activities by altering intracellular ROS
production (36, 37, 41). Although Nox2 is reported to be expressed
in T cells in which it mediates the release of extracellular super-
oxide upon TCR stimulation (39), its biological significance and
the regulation of its intracellular trafficking in T cells is unknown.
We showed that pathogenic Th2 cells express much higher levels
of Nox2 than do total CD4" T cells and 3 other fractions of mem-
ory-type Th cells, that exophilin-5 binds Nox2 through Rab27a,
and that exophilin-5 positively regulates the trafficking of Nox2
from the cytoplasm to the plasma membrane upon stimulation in
pathogenic Th2 cells. Exophilin-5 deficiency inhibited the intra-
cellular trafficking of Nox2 upon stimulation, which increased
intracellular ROS production, the activity of the PI3K/Akt/mTOR
pathway, IL-33R expression, and finally IL-5 and IL-13 production

jci.org  Volume130  Number7  July 2020

in response to IL-33 in pathogenic Th2 cells. Our findings suggest
that Nox2 in pathogenic Th2 cells relieves cell stress by releasing
superoxide to the extracellular space to inhibit overactivation of
the cells in response to additional external stimuli such as IL-33,
and that exophilin-5 functions as a brake on this IL-33-mediated
overactivation of pathogenic Th2 cells.

Among Th2 cytokines, IL-5 and IL-13 are the most essential
effector cytokines for the development of asthmatic characteris-
tics such as eosinophil infiltration, mucus production, and airway
hyperresponsiveness in the lungs. IL-5 is the strongest activator
of eosinophils (42), while IL-13 enhances all features of asthma
(43). In clinical settings, neutralizing antibodies against IL-5 or the
IL-13 receptor have been shown to be effective when used in the
treatment of patients with asthma (44-47). Although all Th2 cyto-
kines were thought to be released by a type of single cell popula-
tion called Th2 cells (48), Endo et al. recently reported that, among
effector cytokine-producing CD44" splenic memory T cells, IL-5
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Figure 9. Exophilin-5 deficiency inhibits intracellular trafficking of Nox2 upon stimulation in pathogenic Th2 cells. (A and B) Levels of Nox2-encoding
Cybb mRNA in the indicated T cells (A, n = 4-5 experiments), and in 4 fractions of CD44"CD4 T cells (see Figure 3A) obtained from OVA-sensitized mice (B,
n = 3-5 experiments). *P < 0.05; **P < 0.01 by 1-way ANOVA with Tukey's post hoc test. Tpath2, pathogenic Th2 cells. L/L, CD62L"°CXCR3"; L/H, CD62L"
CXCR3"; H/H, CD62LMCXCR3M; H/L, CD62LMCXCR3" . (C) Binding of Rab27a, Nox2, and exophilin-5. Transfection of plasmids into HEK293A cells, immuno-
precipitation of cell lysates, and detection of the indicated proteins in immunoprecipitates were conducted as described in Methods. We used 2 clones of
FLAG-tagged Nox2-expressing plasmids (upper), and then subcloned Cybb cDNA from plasmid number 2 into the pEGFP-C1 vector (lower). An immunoblot
representative of 3 different experiments is shown. (D) Immunostaining of Nox2 in sorted pathogenic Th2 cells before and after a 3-minute stimulation
with PMA plus ionomycin (PMA/lono). An image representative of 3 independent experiments is shown. The arrow in the WT cell indicates complete loss
of cytoplasmic Nox2 staining. Scale bars: 5 um. (E) Superoxide secretion by sorted pathogenic Th2 cells after PMA/lono stimulation. Data were obtained
from a total of 4 mice (n = 2 from both nontreated and OVA-sensitized mice). (F and G) Intracellular ROS production after stimulation. Pathogenic Th2 cells
were sorted and cultured with and without PMA/lono stimulation (F) or anti-CD3¢ Ab (CD3) stimulation (G). (F) Percentages of ROS" population before
stimulation (basal) and increases in them after 2.5 minutes of PMA/lono stimulation (Aincrease) obtained from WT mice (n = 4) and Exph5-KO mice (n

= 3) gathered from 2 independent experiments are shown. (G) Left: A dot plot representative of 3 individual experiments is shown. Right: Percentages of
ROS" population without stimulation (basal) and increases in them with anti-CD3¢ Ab stimulation compared with those at basal (Aincrease). Data were
obtained from n = 4 mice gathered from 3 independent experiments. *P < 0.05 by unpaired t test.

and IL-13 proteins are produced upon TCR stimulation selectively =~ Th2 cells express IL-33R at a much higher level than do classical ex
by a CD62L°CXCR3" pathogenic Th2 population, within whichwe  vivo-differentiated effector Th2 cells (27). We found that IL-5 and
found that exophilin-5 is highly expressed, while IL-4 is produced ~ IL-13 producers represent only a minor subset (a few percentages)
by multiple populations (24). They also reported that pathogenic ~ of murine splenic CD62L°CXCR3" pathogenic Th2 cells, which
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requires further characterization in a future study. These cells spe-
cifically coexpressed high levels of exophilin-5 and IL-33R. Fur-
thermore, expression levels of exophilin-5-encoding EXPH5 and
IL-33R-encoding ILIRLI mRNAs were well correlated in human
memory-type Th2-enriched CD4*'CCR4* T cells, suggesting a
strong functional connection between these 2 proteins. Consis-
tently, exophilin-5 deficiency significantly increased IL-5 and IL-13
production in response to IL-33 and TCR stimulation, with upreg-
ulation of IL-33R in pathogenic Th2 cells. Considering that the
NADPH oxidase inhibitor DPI suppressed IL-5 and IL-13 produc-
tion more robustly than IL-33R expression in pathogenic Th2 cells,
exophilin-5 deficiency possibly enhances IL-33-dependent cyto-
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itself (Figure 10).

Consistent with the phenotypes of exophilin-5
deficiency, Rab27a deficiency enhanced IL-5 produc-
tion in the presence of IL-33 and decreased extracel-
lular superoxide secretion by CD4* T cells upon TCR
stimulation. A genetic link between RAB27A SNPs and
FeNo level, but not with asthma or atopy itself was
reported in humans (15). Considering that exophilin-5
deficiency in pathogenic Th2 cells exacerbates aller-
gic lung inflammation after presensitization, but not
in the antigen sensitization phase, in mice, Rab27a
dysfunctions in those cells may also aggravate eosin-
ophilic lung inflammation (detectable as increased
FeNO levels) by enhancing IL-5 and IL-13 production
in antigen-sensitized individuals, but not by increasing
the onset of asthma or atopy. In this context, SNPs in
Rab27a may predict responsiveness in asthmatics to
anti-IL-5 or anti-IL-13 neutralizing antibody. These
possibilities merit further examination.

In summary, the present study reveals the unappre-
ciated regulatory mechanism of allergic lung inflam-
mation controlled by the Rab27a effector, exophilin-5.
Our findings suggest that exophilin-5 regulates aller-
gic lung inflammation by controlling NADPH oxidase
localization and, thereby, IL-33-induced IL-5 and IL-13 produc-
tion, in pathogenic Th2 cells. These findings may contribute to
the development of new therapeutic strategies in the treatment of
asthma, such as by targeting Rab27-related molecules.

Methods

Additional details can be found in the supplemental methods.
Generation of exophilin-5-deficient mice. C57BL/6N mice were

purchased from CLEA Japan. The Exph5-KO mice (accession no.

CDBO0982K: http://www2.clst.riken.jp/arg/mutant%20mice %20list.

htm) were generated as described elsewhere (49). To construct a target-

ing vector, genomic fragments of the exophilin-5 locus were obtained
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from a BAC clone (BACPAC Resources). Exon6 of the Exph5 gene was
disrupted by insertion of a loxP-flanked cassette of the neomycin resis-
tance gene under the control of the phosphoglycerate kinase (PGK)
promoter (Figure 1A). Targeted TT2 (derived from F1 of C57BL/6 and
CBA) embryonic stem cell clones (50) were microinjected into 8-cell-
stage ICR embryos, and were then transferred into pseudopregnant
ICR females. The resulting chimeras were bred with C57BL/6 mice,
and heterozygous offspring were identified by Southern blotting and
polymerase chain reaction (PCR). The primers used for PCR were
Exo5/Fowl (5'-TTGGGAGCCCCAGCTCAGCT-3') and Exo5/Revl
(5'-CTGAGAAGTGGCGCCCCCTG-3') for the WT allele, and Neo/
Fow2 (5'-CATGCCCGACGGCGAGGATC-3) and Exo5/Revl for the
targeted allele. Sizes of PCR products for WT and Exph5-KO mice are
268 bp and 809 bp, respectively. Mutant lines were backcrossed with
C57BL/6N mice for 11 generations. Lack of exophilin-5 protein in
Exph5-KO mice was confirmed by immunoblotting. For immunoblot-
ting, isolated cerebellum from WT mice and Exph5-KO mice were lysed
with buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.2
mM EDTA, and 1 mM dithiothreitol) containing protease and phospha-
tase inhibitors. The protein extracts (50 pg) were loaded onto 5% poly-
acrylamide gels for electrophoresis. Rabbit anti-exophilin-5 antibody
was raised against a GST-fused C-terminal region (aa 1401-1600) of
exophilin-5 protein, as described previously (51). The sera were passed
through a column containing GST protein, followed by one containing
the GST-fused corresponding region of exophilin-5 protein. The affini-
ty-purified antibodies were then eluted and concentrated.

Animals. 1133-KO mice (accession no. CDB0631K) were generated
and backcrossed with C57BL/6N, as reported previously (52). Exph5
and I/33 DKO mice were obtained by crossing Exph5-KO mice with
I133-KO mice. The Rab27a-mutated ashen mice (C3H/He background)
and control C3H/He mice were provided by N.A. Jenkins (National
Cancer Institute, Frederick, Maryland, USA). Male mice were phe-
notypically characterized in the present study unless otherwise indi-
cated. Mice had ad libitum access to water and standard laboratory
chow (CE-2; CLEA Japan) in an air-conditioned room with 12-hour
light/dark cycles. For BM transplantation, recipient C57BL/6N mice,
between the ages of 8 and 10 weeks, were irradiated twice with an
individual dose of 5.4 Gy with a 3-hour interval, and subsequently
received an injection of 2 x 10¢ BM cells from the tail vein.

OVA-induced asthma protocol. An OVA-induced mouse model of
asthma was developed as described previously (53, 54), with slight
modifications. In brief, mice at the ages of 8 to 12 weeks or 6 to 10
weeks after the BM transfer were sensitized with 20 pg of OVA (Milli-
poreSigma) mixed with 2 mg of alum (Thermo Fisher Scientific) intra-
peritoneally on days O and 10. In some experiments, on day 17, spleen
cells, splenic T cells, or splenic DCs were harvested as described
below, and then analyzed further. Otherwise, mice were challenged
with 3% (w/v) OVA aerosol in physiologic saline delivered by nebu-
lizer for 10 minutes every day on days 18 to 20. This well-established
protocol is known to result in eosinophilic inflammation and induction
of Th2 cytokines in BALF. Control mice received the saline aerosol
delivered by a nebulizer for 10 minutes on days 18 to 20. Twelve hours
(for measurement of cytokines in BALF and lungs) or 24 hours (for the
others) after the final challenge, BALF, thoracic lymph nodes, and lung
tissues were obtained for the further analysis.

Intratracheal injections of Alternaria extract. Mice were anesthe-
tized with intraperitoneal injection of ketamine and xylazine, and
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trachea of each mice were exposed. Next, 50 uL of PBS or Alternaria
extract (10 pug in 50 uL PBS, ITEA Inc.) was injected into the mouse
lung through the trachea using a 26-G needle and 1-mL syringe. Thirty
minutes later, BALF and lung samples were harvested.

House dust mite-induced asthma protocol. Mice received intranasal
administrations of 20 uL of house dust mite extract (1 mg/mL) derived
from Dermatophagoides farinae (Greer Laboratories) or 20 pL of PBS
alone under isoflurane general anesthesia every 2 to 3 days (3 times/
week). Twenty-four hours after the seventh intranasal administration,
BALF samples were harvested.

BALF analyses. BALF analyses were performed as described pre-
viously (53, 54). In brief, the lungs were lavaged 4 times with PBS (0.5
mL each) for cell analysis. The cell suspension was centrifuged 500
g for 5 minutes at 4°C, cells were resuspended in 1 mL of physiologi-
cal saline with 1% BSA (Wako), and the total cell number was counted
with a hemocytometer. Cytospin samples were prepared by centrifug-
ing the suspensions at 500 rpm for 3 minutes. Based on the findings
obtained with Diff-Quik staining (Kokusai-Shiyaku), cell differentials
were counted with at least 300 leukocytes in each sample. For mea-
surement of cytokines, lungs were repeatedly lavaged 2 times with 0.4
mL of PBS, and after centrifugation of BALF, supernatants were col-
lected and subjected to measurement of cytokine concentrations by
ELISA. LDH activity in BALF was determined by a Cytotoxicity Detec-
tion Kit (Roche).

ELISA. Concentrations of mouse IL-4, IL-5, IFN-y (BD Bioscienc-
es), IL-13, IL-33, TSLP, soluble ST2 (eBioscience), IL-1a (BioLegend),
and IL-25 (R&D Systems) were measured using the ELISA kits, follow-
ing the manufacturers’ protocols.

Cytokine concentration in the lung homogenates. The left lungs were
homogenized in 1.0 mL PBS containing 0.5% Triton X-100 and com-
plete protease inhibitor mixture (Roche). The lung homogenates were
cleared of debris and cells by centrifugation at 10,000 g for 10 min-
utes. Cytokine concentrations in the lung homogenate were measured
by an ELISA, and then normalized to the total protein concentrations
in the homogenates.

Histopathological examination. For detection of mucus production
in the lung epithelium, formalin-fixed, paraffin-embedded right lung
sections cut at a thickness of 2 um were stained with periodic acid-
Schiff (PAS). Images were acquired on a BX51 Olympus microscope
using DP2-BSW software.

OVA-specific spleen cell and lymph node cell responses. Spleens and
thoracic lymph node cells were collected, transferred into Petri dishes,
and repeatedly injected at different sites with a 26-G needle with 1 mg/
mL collagenase I (Invitrogen) in RPMI media until 2 mL was injected
(53-55). Tissues were then incubated at 37°C for 12 minutes and sub-
sequently minced with the back of the syringe. Single-cell suspensions
were prepared by passing through a 40-um cell strainer (BD Biosci-
ences). Erythrolysis was performed with erythrocyte lysing buffer con-
sisting of 155 mM NH,Cl, 5.7 mM K,HPO,, and 0.1 mM EDTA at room
temperature for 1 minute, and stopped by addition of RPMI medium.
Splenocytes or lymph node cells (6 x 10° cells/well, total 150 pL/well)
were suspended in complete RPMI medium (RPMI1640 containing
10% FBS and penicillin/streptomycin), and cultured in a flat-bottom
96-well plate in the presence and absence of OVA (1 mg/mL, unless
otherwise indicated) at 37°C for the indicated number of days.

Measurement of airway hyperresponsiveness. At 24 hours after the
final OVA aerosol challenge, airway hyperresponsiveness to metha-
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choline (MilliporeSigma) was measured as described elsewhere (56).
Briefly, mice were deeply anesthetized with ketamine (Daiichi-San-
kyo) and xylazine (Nihon-zenyaku), and then were tracheostomized
and connected to plethysmograph chambers with a ventilator (Elan
Series Mouse RC Site; Buxco Electronics). After 1 minute of nebuliza-
tion with PBS or methacholine (0.78-3.125 mg/mL), lung resistance
(R,) was continuously monitored for 3 minutes and the average of R
in each period was calculated using BioSystem XA software (Buxco
Electronics). R values were normalized to that obtained after PBS
nebulization in each mouse.

Flow cytometry. For flow cytometric staining, cells were resus-
pended in PBS containing 2 mM EDTA and 2% FBS. Fc receptor-
mediated nonspecific antibody binding was blocked by the addition of
excessive amounts of anti-mouse CD16/CD32 monoclonal antibody
(2.4G2). Staining was performed at 4°C in the dark for 20 minutes.
The fluorochrome-conjugated monoclonal antibodies listed in Sup-
plemental Table 1 were used at appropriate dilutions for staining of
cell surface molecules. Some cells were stained as negative controls
with fluorochrome-matched isotype-control antibodies. For detection
of IL-33R, after confirmation that antibodies sourced from 2 different
companies provided similar results, we mainly used PE-conjugated
anti-mouse IL-33R monoclonal antibody purchased from eBiosci-
ence. After excluding dead cells by staining with 7-aminoactinomycin
D (7-AAD) (for nonfixed cells, BD Biosciences) or Fixable Viability
Dye eFluor 450 (for intracellular staining, eBioscience), live cells were
subjected to characterization of cell populations or to sorting of specif-
ic cell populations using a FACSVerse or FACSAria II flow cytometer
(BD Biosciences). For detection of intracellular proteins, cell surface
molecules and dead cells were first stained. Next, cells were fixed and
permeabilized, and intracellular proteins were stained with antibodies
using the Intracellular Fixation & Permeabilization Buffer Set (eBio-
science), following the manufacturer’s instructions.

Isolation of 4 different populations in splenic CD4*CD44" mem-
ory-type Th cells. For sorting of 4 different subpopulations in splenic
CD4"CD44" memory-type Th cells, CD4* Th cells were first enriched
using microbead-conjugated anti-CD4 (IMag-mouse CD4, BD Biosci-
ences, catalog 551539), and were stained with fluorochrome-conjugat-
ed monoclonal antibodies as follows: PE-Cy7-conjugated anti-mouse
CD3¢, FITC-conjugated anti-mouse CD4, APC-Cy7-conjugated anti-
mouse CD44, APC-conjugated anti-mouse CXCR3, and PE-conjugat-
ed anti-mouse CD62L. Then, 4 populations were sorted based on lev-
els of cell surface CD62L and CXCR3, as previously reported by others
(24). For functional analysis, considering that the purities of CD4*and
CD3*CD4" cells sorted using microbead-conjugated anti-CD4 were
as high as approximately 99% and approximately 95%, respectively,
and to avoid unnecessary activation and interference of subsequent
TCR-mediated activation of T cells by fluorochrome-conjugated anti-
CD3¢ antibody, we sorted 4 fractions from magnetically sorted CD4*
T cells without staining either CD3 or CD4.

Isolation of other immune cells. For isolation of CD11c* splenic DCs,
after blocking with anti-CD16/CD32 monoclonal antibody, spleno-
cytes were incubated with magnetic bead-conjugated anti-mouse
CD11c antibodies (Miltenyi Biotec, catalog 130-052-001) followed by
magnetic separation using an LS column according to the manufac-
turer’s instructions. The purity of CD11c* cells in live cells, confirmed
by flow cytometry, was approximately 85%. For isolation of BM-
derived basophils and mast cells, BM cells obtained from WT mice
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were cultured in complete RPMI media containing recombinant
mouse IL-3 (PeproTech) at 2 ng/mL for 7 days. On days 3 and 6, media
were completely refreshed with IL-3-containing media. On day 7,
basophils and mast cells were sorted as FceRIa*CD49b*CD117" cells
and FceRIo*CD49b CD117* cells, respectively. BM-derived macro-
phages were harvested as previously described (57). CD11b* macro-
phages were enriched from cells obtained from WT mice by peritoneal
lavage using magnetic bead-conjugated anti-mouse CD11b antibod-
ies (Miltenyi Biotec, catalog 130-049-601). Eosinophils were isolated
as described previously (58), with slight modification. One hundred
micrograms of the plasmid pCAGGS-IL-5 in lactated Ringer’s solu-
tion (0.1 mL/g body weight) was injected into the tail veins of mice.
Two weeks after the injections, siglec-F* splenocytes were sorted as
eosinophils. For isolation of neutrophils, mice received intraperitoneal
injections of 500 pL of saline containing 50 ng of lipopolysaccharide.
Six hours after the injections, peritoneal cells were harvested and neu-
trophil-enriched fractions with purity of neutrophils at or above 70%
(determined by cytospin) were used for analysis.

Isolation of epidermal cells, alveolar epithelial cells, and lung CD4* Th
cells. Epidermal cells were isolated using an epidermal isolation kit and
gentleMACS Dissociator (Miltenyi Biotec), following the manufac-
turer’s instructions. Lung epithelial cells were isolated as previously
reported (59) with slight modifications. In brief, lungs were expanded
with intratracheal injection of 2.5 mL of physiologic saline containing
Dispase (Invitrogen) at 28 mg/mL, and were left at room temperature
for 30 minutes. Next, lung cells were gently minced with forceps, and
were rocked in 10 mL of PBS containing 0.01% DNase I (Roche) and
0.5% BSA at 200 rpm for 10 minutes at room temperature. Then,
after serially filtering through 150-um and 40-um mesh, the cell sus-
pensions were subjected to red blood cell lysis, and were then stained
with anti-CD45-FITC and anti-CD326-PE or -APC for sorting of
CD45°CD326" lung epithelial cells and CD45*CD326" lung leukocytes
using a FACSAria II. Lung CD4* Th cells were isolated using microbe-
ad-conjugated anti-CD4 as described above.

Ex vivo activation of CD4* T cells. Ninety-six-well plates were coat-
ed with 1 ug/mL anti-CD3e (BioLegend) antibodies overnight at 4°C
and washed with complete media to remove unbound soluble antibod-
ies. Splenic CD4* T cells or sorted subpopulations were plated at 1.5 x
103 cells (unless otherwise indicated) in 150 pL per well in the pres-
ence or absence of 2 ng/mL IL-33, and were then cultured for 2 days.
In some experiments, cells were plated after 10 minutes of preincuba-
tion with the indicated kinase inhibitors. The optimal concentration of
each inhibitor was determined based on our preliminary experiments.
Then, after centrifugation of culture plates at 500 g for 5 minutes at
4°C, culture supernatants were harvested. In some experiments, after
removal of supernatants and 2 washes with PBS, cell lysates were col-
lected in 150 puL of lysis buffer used for lung homogenates. Superna-
tants and cell lysates were subsequently analyzed by ELISA.

Splenic CD4* T cell transfer. CD4" T cells were isolated from
spleens of OVA-sensitized mice using magnetic beads for CD4" selec-
tion as described above. Based on our preliminary experiments, to
obtain mild allergic airway inflammation, we used female recipient
mice that received 1 OVA /alum intraperitoneal injection 7 days before
CD4" T cell transfer. Five million CD4" T cells were injected intrave-
nously into the recipient mice, and 24 hours later the mice were chal-
lenged with 3% OVA for 3 consecutive days; 24 hours after the last
airway challenge the mice were sacrificed and samples were collected.
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RNA preparation and gene expression analyses for murine samples.
RNA was extracted using Sepasol-RNA I Super (Nacalai Tesque).
Total RNA (1 ug) was reverse transcribed using oligo-(dT)12-18 prim-
er and Superscript I1I (Invitrogen). Quantitative PCR was performed
with SYBR premix Ex Taq (Takara Bio) using a C1000 Thermal
Cycler (Bio-Rad). The results were normalized against 18S rRNA or
Rplp0/36B4 mRNA expression. The primer sequences used are listed
in Supplemental Table 2.

Isolation of human memory-type Th2 cell-enviched fraction. For Th2
cell isolation, cells from human peripheral blood were drawn from 12
voluntary subjects (3 females and 9 males, ages 26-65), and lympho-
cytes were separated by density gradient centrifugation using Ficoll-
Paque PLUS (GE Healthcare). Then, using a CD4* T cell Isolation kit
(Miltenyi Biotec, catalog 130-096-533), CD4"* cells were collected by
negative selection according to the manufacturer’s instructions. Next,
the cells were labeled with PE-conjugated anti-CCR4 antibody (mouse
IgG1k, clone L291H4, BioLegend, catalog 359411) followed by incuba-
tion with anti-PE MicroBeads (Miltenyi Biotec, catalog 130-048-801).
Cells were finally positively selected and the purities of the cell pop-
ulation were assessed by BD FACSVerse. The purities of CD4*CCR4*
cells in sorted cells in 12 individuals were 82.2% * 1.8% (mean * SEM).

Real-time quantitative PCR for human CD4*CCR4" cells. Total RNA
was extracted from isolated cells with an RNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. The extracted mRNA
was reverse transcribed to cDNA using an iScript cDNA Synthesis Kit
(Bio-Rad). Real-time quantitative PCR analysis was performed using
a Probe qPCR Mix (Takara Bio) and StepOnePlus Real-time PCR Sys-
tem (Applied Biosystems). The primers and probes for human p-ac-
tin-encoding ACTB, EXPH5, and ILIRLI were designed by Applied
Biosystems (assay IDs for the indicated genes are Hs01060665_g1,
Hs00323579_m1, and Hs00249384_ml1, respectively). Values of tar-
get mRNA levels relative to those of ACTB were calculated by the ACt
method using the following equation: RQ = 27,

Plasmid construction. Full-length ¢cDNAs encoding mouse exo-
philin-5, Rab27a, and Nox2 were amplified from mouse cDNAs by
PCR using the following pairs of oligonucleotides with a BamHI
linker, an EcoRI linker, or an Xhol linker: 5'-GGGGATCCATGAC-
GAAAGTTCCTCAGGG-3' and 5-GGCTCGAGTCATAGTTCTGAC-
TCTTTATCC-3' for exophilin-5; 5-GGGAATTCATGTCGGATG-
GAGATTAC-3' and 5-GGCTCGAGTCAACAGCCACACAACCC-3’
for Rab27a; and 5'- GGGAATTCATGGGGAACTGGGCTGTG-3" and
5'-GGCTCGAGTTAGAAGTTTTCCTTGTT-3' for Nox2. Purified
PCR products were subcloned into the BamHI, EcoRI, and Xhol sites of
pcDNA3-FLAG tag, pcDNA3-HA tag, and pEGFP-C1 vectors. Plasmid
DNA for transfection into mammalian cell cultures was prepared using
a Promega miniprep kit following the manufacturer’s instructions.

Plasmid transfection. HEK293A cells were cultured in DMEM
supplemented with 10% FBS, 100 units/mL penicillin G, and 100
pg/mL streptomycin at 37°C in 5% CO,. FLAG-Nox2 and HA-Rab27a
(a total of 4 pg plasmid), or FLAG-exophilin-5, GFP-Nox2, and HA-
Rab27a (a total of 8 pg plasmid) were transfected into HEK293A cells
using Lipofectamine 2000 reagent (Thermo Fisher Scientific). Two
days after transfection, cells were harvested and homogenized. For
plasmid transfection into CD4* Th cells, untouched CD4* T cells
were enriched using an IMag Mouse CD4 T Lymphocyte Enrichment
Set (BD Biosciences, catalog 558131), and then GFP-Nox2 and HA-
Rab27a (2 pg plasmid each) were transfected into those cells by elec-
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troporation using an Amaxa Mouse T cell Nucleofector Kit (Lonza),
following the manufacturer’s instruction.

Immunoprecipitation and immunostaining. For immunoprecipita-
tion, HEK293A cell lysates were incubated with anti-FLAG affinity gel
(30 pL; MilliporeSigma) with gentle agitation at 4°C for 1 hour. After the
beads were washed 5 times with lysis buffer, the precipitated proteins
were separated by SDS-PAGE. For immunostaining of pathogenic Th2
cells, cells attached on slide glasses (Thermo Fisher Scientific) by cyto-
spin at 800 rpm for 2 minutes at room temperature were fixed with 3%
paraformaldehyde for 30 minutes at room temperature and quenched
for 5 minutes with 50 mM NH,CI. Fixed cells were washed with PBS
and permeabilized with 0.1% Triton X-100 for 20 minutes, blocked
with 1% BSA in PBS for 30 minutes, incubated with anti-mouse Nox2
antibody derived from rabbit (Abcam) overnight, washed, and stained
for 60 minutes with Alexa Fluor 488-conjugated secondary antibody.
For detection of HA-Rab27a in CD4" T cells transfected with GFP-
NOX and HA-Rab27a, cells were incubated first with rat-derived pri-
mary antibody against HA (clone 3F10, Roche), followed by anti-rat-
Alexa Fluor 568 secondary antibody. After a 15-minute staining with
DAPI and 5 washes with PBS, coverslips were mounted in SlowFade
Gold antifade reagent (Invitrogen). Stained cells were analyzed using
an Al confocal microscope (Nikon) equipped with a 100x oil immer-
sion objective lens (1.49 numerical aperture) and NIS-Elements soft-
ware. Detailed information regarding antibodies used in this para-
graph are listed in Supplemental Table 3.

Detection of extracellular superoxide secretion. Pathogenic Th2 cells
were sorted as described above. Next, 2 x 10° cells were resuspended
in 20 pL of complete RPMI media. Extracellular superoxide secretion
after PMA and ionomycin stimulation (at 0.24 pg/mL each) was detect-
ed using the Diogenes Cellular Luminescence Enhancement System
(National Diagnostics). The light units were normalized to the average
values in WT cells at 2 minutes after PMA and ionomycin stimulation.

Detection of intracellular ROS. Sorted pathogenic Th2 cells were
cultured at 1.5 x 10° cells in 75 pL of complete RPMI media per well in
a 96-well plate in the presence and absence of precoated anti-CD3g
antibody for 1 hour. Next, 75 pL of complete RPMI media containing
the ROS sensor CellROX Green Reagent (Invitrogen) was added into
each well, and cells were incubated for a further 30 minutes. Then,
cells were collected, stained with 7-AAD after 2 washes with FACS
staining buffer, and analyzed by FACS for detection of green fluores-
cence-positive (intracellular ROS-positive) cells.

Statistics. All data are displayed as mean values + SEM (for n=3 or
more) unless otherwise indicated. Figures were produced and statis-
tics analyzed using Prism version 8 (GraphPad Software) or Microsoft
Excel. Statistical differences among treatment groups were estimated
by ANOVA or by repeated-measures ANOVA with Tukey’s post hoc
test for multiple comparisons. A 2-tailed ¢ test was used for compar-
ison of 2 groups. In all instances, statistical significance was inferred
from a P value of less than 0.05.

Study approval. The protocols for mouse experiments were
approved by the Institutional Animal Care and Use Committee of RIK-
EN Kobe Branch, and by the Animal Care and Experimentation Com-
mittee, Gunma University. The protocol for isolation of Th2 cells from
human peripheral blood was approved by the IRB of National Hospital
Organization Tokyo National Hospital (approval number 180059),
and all participants provided written informed consent before their
participation in this study.
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