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Abstract

House dust mites (HDM) extract is a common trigger of asthma in humans. Chronic exposure to
HDM also induces asthma-like pathology in mice. Allergic responses to HDM and other allergens
are linked to release of 1L-25, 1L-33 and TSLP by epithelial cells; these cytokines, especially
IL-33, target innate lymphoid cells-2 (ILC2s) to produce type-2 cytokines. To what extent and by
what mechanisms IL-25 contributes to chronic HDM-induced pathology is not well understood. In
humans, elevated levels of IL-25 appear to be associated with cases of uncontrolled asthma and
exacerbated attacks. Here we demonstrate that blockade of IL-25 signaling in either lung
conventional dendritic cells (cDCs) or in T cells resulted in similar decreases in production of
IL-13 and IL-9 by T cells, reduced mast cell accumulation and tissue remodeling, and improved
lung function, but had only modest effects on eosinophilia. Stimulation of cDCs by IL-25
promoted proximal accumulation of T helper cells (Th) and stimulation of Th cells by IL-25
locally promoted IL-13 and IL-9 production. IL-25 made notable contributions to chronic HDM-
induced allergic asthma pathology by facilitating clustering and cross-stimulation of different cell
types in tissue. Therapeutic targeting of IL-25 in combination with other treatments may be
beneficial.

INTRODUCTION

Allergic asthma is a chronic remitting/relapsing disease of the airways. It affects more than
8% of the US population and its incidence is on the rise worldwide (Center for Disease
Control and Prevention (CDC) 2016 NHIS data). Allergic asthma is triggered by various
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allergens/insults and is characterized by pulmonary inflammation and remodeling of tissue,
culminating in significantly impaired lung function. This complex disease is thought to
consist of various endotypes underlying distinct phenotypes (1). CDC data show that most
asthmatic patients are allergic to house dust mites (HDM) (2). HDM contains multiple
components that trigger various, at least partially overlapping pathways to initiate
inflammation (3, 4). Allergic asthma typically skews towards type-2 responses, though not
exclusively. Type-2 responses are thought to be favored by the alarmins/cytokines IL-33,
IL-25 and TSLP, which can be rapidly released by epithelial cells in response to an allergic
trigger or insult (5, 6). The functions of these cytokines partially overlap, as they can target
innate lymphoid cells (ILC2) to quickly produce effector type-2 cytokines such as IL-13,
IL-5 and IL-9. These cytokines are also produced by differentiated T helper cells (primarily
Th2 and Th9) after adaptive responses have been generated. In addition to activating ILC2s,
TSLP may directly stimulate dendritic cells to migrate to lymph nodes (7), and IL-25 and
IL-33 may directly target various T cells (8, 9), but to what extent these and potentially other
cells targeted by these cytokines ultimately shape asthmatic pathology is not well
understood. HDM causes the release of all three alarmins/cytokines, and since IL-33 is the
most potent stimulator of ILC2s and type-2 responses among these, 1L-25 might well be
redundant during the development of chronic HDM-induced asthma pathologies (5, 10).
Nevertheless, in humans, some, albeit not all reports have suggested a correlation between
elevated IL-25 levels with disease severity, uncontrolled asthma, exacerbations in asthma
and rhinosinusitis in patients and strength of allergic responses (11-19). In mice, I1L-25 has
been reported to make critical contributions in the Ova-asthma model, although mechanisms
remain largely unknown (20-22). The Ova-asthma model involves sensitization to Ova via
i.p. injections with alum. HDM models are considered to more physiological, because
sensitization to allergens occurs in the lung. One group employing HDM challenges in mice
reported a role for IL-25 in lung remodeling, most evident in mice over-expressing Smad2 in
lung cells (23, 24). By contrast, 1L-25 was found to have no notable role in a study involving
an acute HDM model (25), or to have only a minor role in a study involving a chronic model
with a cocktail of several allergens (26); in these studies, IL-33 or IL-33 and TSLP were
found to be critical, respectively. However, these HDM studies involved Balb/c mice, a strain
that is strongly biased towards Th2 responses, potentially obscuring IL-25 contributions; in
addition, asthma phenotypes were not comprehensively investigated. Therefore, potentially
relevant contributions in chronic HDM-induced asthma in mice remain unsettled and
possible mechanisms of IL-25 in lung inflammation/remodeling in general remain to be
explored, especially given the human data implicating 1L-25.

Chronic exposure to HDM in mice is a physiologically relevant model, as it recapitulates
many of the pathologies of the human disease, including type-2 inflammation, tissue
remodeling and impairment of lung function (27). Pathology does not clearly develop in
acute models, in which innate responses predominate. Nevertheless, innate responses do set
the stage for development of adaptive immunity and likely continue to play a role throughout
following each exposure to allergens (28-30). Among major type-2 effector cytokines
elicited with HDM exposure, IL-5 appears most critical for eosinophilia and mucus
production, while 1L-13 may be critical for the development of many other aspects of this
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disease, including tissue remodeling (31-33). IL-9 has been implicated in the latter process
as well, possibly in part due to its recognized role in mast cell accumulation (34, 35).

IL-25 is a member of the IL-17 cytokine family and the only one associated with type-2
responses (36). All members, including IL-25, signal via the adaptor protein CIKS (Actl)
(37). Previously we found that direct repeated administration of I1L-25 into lungs induced
inflammation (38). This acute inflammation model involved limited production of IL-9 by T
cells, which in turn was partly dependent on IL-25-stimulated CD11c* cells; a similar
process may occur during acute HDM-challenges. However, these acute models could not
address whether IL-25 and its noted effects ultimately played important roles in driving
asthma pathology in a chronic HDM-induced model. Here we demonstrate that 1L-25 made
critical contributions to overall inflammation, tissue remodeling and lung function
impairment in the setting of chronic HDM-induced allergic asthma. IL-25’s impact was
selective, as not all phenotypes were affected. We also now demonstrate that I1L-25 notably
promoted the functional interaction of specifically the conventional dendritic cells (cDCs)
subpopulation of CD11c* cells with differentiated T helper (Th) cells in lung tissue.
Stimulation of both cell types by IL-25 was necessary for increased production of IL-13 and
especially of IL-9 by Th cells; ultimately this translated into increased tissue remodeling and
exacerbated impairment of lung function.

MATERIALS and METHODS

Mice

Sources of mice (C587BL/6J): CIKSfloX- |L-17RB™~ and IL-17RBf%X- mice were
generated in our laboratory (39); 1L337/~ (UC Davis KOMP repository, Oakland CA);
CCL177/~ reporters gift from Dr. I. Forster (40); Rosa™ /MG  |tgax(CD11c)-cre(1-1Reiz/J);
CDA4-cre(Cwi/BfluJ) (Jackson Laboratories, Bar Harbor ME); Zbtb46-cre gift from Dr. M.
Nussenzweig (41). Mice were bred and housed in NIAID Institute facilities and all
experiments were done with approval of the NIAID Animal Care and Use Committee and in
accordance with all relevant institutional guidelines. All control animals were littermates.
Females and males were used randomly with the same numbers of males and females in
each group.

Chronic HDM-induced asthma model

Mice received house dust mites extracts i.n. (Dermatophagoides pteronyssinus in saline;
Greer Laboratories, Lenoir NC) or saline as a control at dO (200 ug), d7, d12 (100 pg doses)
and twice weekly for the next 5 weeks (50 pg doses) (total of 7-weeks) (Supplementary Fig.
1A). Mice were harvested for analysis 24h after the last HDM administration. Unlike HDM-
treated mice, untreated mice did not develop HDM-specific antibody responses in our
facility (Supplementary Fig. 1B).

Airway hypersensitivity

Airway responsiveness was analyzed by direct measurements of resistance in anaesthetized
and tracheostomized mice in response to methacholine at end of 7-week HDM challenge,
using a Flexivent system (SCIREQ Co, Montreal, Canada).

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Claudio et al. Page 4

Bronchoalveolar lavage fluid (BALF)

BALFs were collected as described (37) Briefly, the lungs were lavaged with 0.5ml of PBS.
BALFs were centrifuged at 300x g for 5 min and supernatants stored at —70C for further
cytokine analysis. Cells were used for flow cytometry.

Immunohistochemistry

Lungs were prepared as described (37). For collagen deposition, sections were stained with
Picro red (Abcam, Cambridge MA) following manufacturers’ directions. For mast cell
counts, sections were stained with Toluidine blue or with anti-Mast Cell Tryptase antibody
(Abcam, Cambridge MA).

Flow cytometric analysis and intracellular staining

Lung cells were prepared as described (38). Single cell lung suspensions and BALF cells
were stained with the following antibodies: AF488-Ly6C(HK1.4), PE-SiglecF(E50-2440),
PercP-CD11b(Mac-1), Pe-c7-Ly6G(1A8), APC-CD11c¢(HL3), APC-cy7-CD4(GK1.5), PB-
TCRB(H57-597). For intracellular staining, cells were cultured for 4h with cell stimulation
cocktail (Thermo fisher, Waltham, MA), followed by surface staining. Cells were then
permeabilized with BD cytofix/cytoperm kit (BD Biosciences, San Jose, CA) and stained
with PE-IL-9(RM9A) and APC-1L-13(ebio13A). Flow cytometry was performed with
FACSCanto Il or FACS Celesta (BD Biosciences, San Jose CA)) and data were analyzed
using FlowJo software (Tree star Inc., Ashland OR). All antibodies were purchased from BD
Biosciences (San Jose CA), ebioscience (Thermo fisher, Waltham MA) and Biolegend
(Dedham MA).

Lung homogenates for ELISA

Lungs were homogenized in PBS with complete protease cocktail inhibitor (Sigma,
Burlington, MA), then centrifugated at high speed for 15 min and supernatants stored at
—-80C. Total protein was determined using Bradford reagents (BioRad, Hercules, CA)

Real Time PCR (RT-PCR)

cDNA was synthesized with a kit (Qiagen, Germantown MD). Gene expression was
quantified with the Tagman Gene Expression Assay kits (Thermo Fisher, Walkersville MD).

Th9 differentiation

Splenic CD4 magnetic bead-sorted cells were isolated form Rosa™ /MG mice. TdTomato-
marked CD4 T-cells were cultured in complete IMDM (Life Technologies -Thermo-Fisher
Walkersville MD) with plate-bound anti-CD3 (2ug/ml), anti-CD28 (2ug/ml), anti-IFNy
(10pg/ml) (BioXCell, West Lebanon, NH), TGFB (4ng/ml) (R&D systems, Minneapolis,
MN) and IL-4 (10ng/ml) (Peprotech, Rocky Hill NJ) for 3d, followed by a second round of
culture with these reagents. We confirmed that these differentiated cells responded to IL-25
by specifically producing 1L-9 mRNA and protein (Supplemental Figure 1C).
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Adoptive transfer of Th9 T cells and live cell imaging in the lung

5x10® TdTomato Th9 cells were injected i.v. into WT and CIKS™~ or CCL17*~ and
CCL177/~ GFP-reporter mice. 24h later mice were exposed to rlL-25 i.n. (500ng/mouse/day,
Biolegend, San Diego CA) for two consecutive days. 24h later mice were given a lethal
overdose of avertin and exsanguinated. Lung sections were prepared for live cell imaging as
described (42). Briefly, 1.5% of low-melt agarose inflated tissues were sliced into 300-350
pm sections using Leica VT1000-S-Vibrating-Blade-Microtome (Leica Microsystems,
Richmond Hill ON, Canada) on ice-cold PBS. Tissue sections were stained with
fluorescently labeled anti-CD31 antibody (eBioscience, San Diego, CA) for 2h on ice.
Tissues were imaged using Leica DMi8-inverted-5-channel confocal microscope equipped
with an Environmental Chamber (NIH Division of Scientific Equipment and Instrumentation
Services) to maintain 37°C and 5% CO,. Post-acquisition mages were processed using
Imaris (Bitplane, Concord MA).

FIt3L bone-marrow-derived dendritic cells (BMDCs)

1x10% BM cells were incubated in complete RPMI media (Life Technologies-Thermo-
Fisher, Walkersville MD), 1/5 of which from supernatants of B16 cells-expressing FIt3L
(gift from Dr. Mora, Milennium Pharmaceuticals). Fresh media was added to the cultures
every two-three days. On day 8, 5x10° FIt3L-BMDCs were incubated with/without IL-25
(Biolegend, San Diego CA) and IL-13 (Peprotech, Rocky Hill NJ).

Statistical analyses

Statistical significance of data was determined with the unpaired t-test, and if variances
between groups were unequal, Welch’s correction was applied. F-test was used to compare
variances between two group. In Figure 8C paired t-test was used. All statistical analyses
were performed with GraphPad Prism v7.0 (La Jolla CA).

RESULTS

IL-25/IL-17RB signaling shapes immune responses in chronic HDM-induced asthma

IL-25 and IL-33 levels were notably increased and TSLP levels trended upwards in
bronchial alveolar lavage fluid (BALF) of mice 24h after the last HDM exposure in the
chronic 7 weeks-long HDM allergic asthma model (Supplementary Fig. 1A,D). To
investigate for critical consequences of IL-25 in this model, we characterized immune
responses in wild-type (WT) and in mice deficient (KO) in CIKS, IL-33 (Fig. 1A) or
IL-17RB (Fig. 1B). CIKS and IL-17RB are essential for 1L-25 signaling, and potentially
IL-17B; however, since IL-17B antagonizes IL-25 in mucosal inflammation (21), IL-17RB
reports only on functional 1L-25 signaling. Compared to HDM-treated WT mice, loss of
CIKS and loss of IL-17RB led to a reduction of neutrophils infiltrating BALFs, but only
marginal reduction of eosinophils and no reduction of CD4* T cells. By contrast, loss of
IL-33 blunted all cellular infiltrations. Mice deficient in CIKS, IL-33 or IL-17RB all
exhibited clearly reduced expression of mMRNAs for IL-13, I1L-9, and the chemokine CCL17
in lungs (Supplementary Fig 2A). Thus IL-25/IL-17RB signaling had a notable impact on
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the inflammatory phenotype in this model. Its impact was selective however, whereas 1L-33
may be critical during the initiation of all responses (28).

IL-25 stimulates ILC2’s, but in addition may target CD11c™ cells, based on analyses of acute
inflammation initiated by direct administration of IL-25 into lungs (38). To determine
whether targeting of CD11c* cells was relevant in the chronic HDM model, we used mice
lacking IL-17RB selectively in CD11c™" cells (IL-17RB CD11c KO). Compared to WT,
IL-17RB CD11c KO mice showed reduced infiltration of neutrophils in BALFs, moderate
loss of eosinophils and essentially no reduction of CD4 T cells (Fig. 1C). These findings
mirror what we observed in mice with global loss of CIKS or IL-17RB (Fig. 1A,B). Mice
lacking IL-17RB or CIKS specifically in CD11c* cells also contained less I1L-13 and
especially less IL-9 protein in BALFs, while CCL17 protein in lungs only trended lower
(Fig. 2A; in the case of IL-17RB cCD11c KOs IL-13 levels also trended lower, not quite
reaching significance). Lung mRNAs for all three mediators were however notably reduced
in both CD11c-specific KO mice (Fig. 2B), similar what we noted for mice with global loss
of CIKS or IL-17RB (Supplementary Figure 2A). Therefore, targeting of CD11c* cells by
IL-25 critically contributed to specific aspects of chronic HDM-induced asthma.

IL-25/IL-17RB contributes to tissue remodeling and impaired lung function

Chronic HDM exposure leads to tissue remodeling. Mast cells have been implicated in such
processes (43). Mice impaired in IL-25 signaling — globally (IL-17RB KO) or selectively in
CD11c* cells (IL-17RB CD11c KO and CIKS CD11c KO) - had notably fewer mast cells
relative to WT mice after HDM treatments, although numbers were still increased relative to
PBS controls (Fig. 3A-E). The IL-25 signaling-impaired mutant mice also presented with
much reduced mRNA expression of the mast cell protease Mcptl (Supplementary Fig. 2B).
By contrast, mucus production appeared largely unaffected by loss of IL-25 signaling
(Supplementary Fig. 2C,D).

Increased collagen deposition is a critical hallmark of human asthma. Deposition of collagen
in HDM-treated WT mice was most evident in peri-bronchial areas and this was reduced in
mice blocked in I1L-25 signaling universally (IL-17RB KO) or only in CD11c* cells (CIKS
CD11c KO, IL-17RB CD11c KO) (Fig. 4A,B). Consistent with these findings, HDM-
induced airway hyper-responsiveness to methacholine was reduced in these mutant mice
compared to WT mice (Fig. 4C). Thus, IL-25/IL-17RB-mediated signaling notably
contributed to tissue remodeling and impaired lung function in the present model, dependent
on induced activities in CD11c* cells.

IL-25 signaling controls T helper cell functions via two mechanisms

IL-25 and IL-33 target ILC2s to produce IL-13 and IL-9, drivers of type-2 lung
inflammation. Since I1L-33 is a more potent stimulator of ILC2s, IL-25 should be
dispensable. However, in the chronic phase, apT cells (TCRB*) Th2 and Th9 are thought to
be the major source of both IL-13 and IL-9 in lung. We confirmed this and furthermore
demonstrated that global or CD11c*-specific loss of 1L-17RB specifically reduced the
numbers of these IL-13- and IL-9-producing TCRB* cells (Supplementary Fig. 3). (TCRB™
producers included ILC2s; among the TCRB* cell populations, only CD4* Th cells
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produced notable levels of these cytokines (Supplementary Fig. 4). Thus IL-25/IL-17RB-
mediated signaling is important for the HDM treatment-dependent increases in IL-13- and
IL-9-producing Th2 and Th9 cells, respectively.

IL-25 can stimulate differentiated Th2 and Th9 to produce IL-13 and IL-9, respectively. We
therefore selectively deleted IL-17RB in T cells via CD4-Cre-mediated deletion (IL17RB
CD4 KO). These mutant mice exhibited markedly reduced expression of IL-13 and IL-9
mMRNA in lungs of HDM-treated mice; in addition, CCL17 and MCPT1 mRNAs were
reduced, suggesting that Th2/Th9 mediators induced by IL-25 promoted expression of all of
these inflammatory markers (Fig. 5A). As a consequence, mast cells accumulation and
peribronchial collagen deposition were also reduced in mice with IL-17RB deletion in T
cells (Fig. 5B, C respectively). Also, IL17RB CD4 KO mice presented with reduced
numbers of TCRB* producers of IL-13 and IL-9 (Fig. 5D). Therefore, 1L-25 directly
stimulated Th2/Th9 cells to produce I1L-13 and IL-9, while IL-25 signaling in CD11c* cells
was critical as well, as it promoted the appearance of Th2/Th9 cells in lung.

How might IL-25-stimulated CD11c* cells accomplish this? CCL17 is a chemokine
produced by CD11c* DCs that potently attracts Th2 and Th9 cells, due to high expression of
the CCRA4 receptor on these cells. Administration of IL-25 into lungs rapidly increased
expression of this chemokine (38). Mice lacking CCL17 largely failed to accumulate TCRB*
cells in lung capable of producing IL-13 and especially IL-9 (Fig. 5E). The results suggest
that 1L-25 signaling in CD11c™ cells increased production of CCL17 and likely other
mediators needed to attract/promote accumulation of Th2 and Th9 cells, setting them up for
direct local stimulation by IL-25.

IL-25 promotes clustering of Th9 cells adjacent to CD11c* cells

Based on these findings we hypothesized that IL-25 controls localization of Th2/Th9 cells in
lung via CD11c™ cells. IL-25 or PBS were administered i.n. into lungs of WT or CIKS KO
mice after i.v. injection of in vitro-differentiated Th9 cells. Th9s were marked by TdTomato
and CD11c* cells of recipient mice were marked by YFP. Lung explants were analyzed with
confocal microscopy. IL-25 induced clustering of Th cells near CD11c™" cells around the
airways, especially near blood vessels; this essentially did not occur in recipient mice
lacking CIKS. Total levels of Th9 cells present in lung were also reduced, but dramatically
less so than the reduction in clustering (Fig. 6A,B; clustering was reduced over 70-fold
while total levels of Th9 cells were reduced about 5-fold). We also made use of CCL17
reporter mice, in which a GFP insertion inactivated CCL17 expression. In recipient mice
heterozygous for the reporter allele, we again noted clustering of Th9 cells near CCL17*
cells; by contrast, essentially no clustering was seen in homozygous mice deficient in
CCL17 (Fig. 6C,D). Lack of CCL17 also reduced the total numbers of Th9 cells in lung, as
expected, but this reduction was again much less pronounced than the reduction of
clustering. These data indicate that 1L-25/IL-17RB signaling promoted some recruitment of
Th9s into lungs but was essential for their clustering next to CD11c* and CCL17* cells.
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CD11c* conventional DCs (cDCs) are targeted by IL-25

CD11c is expressed by cDCs, but also by certain myeloid cells and smaller subsets of other
cells. We generated mice selectively deleted for CIKS in ¢cDCs via Zbth46-driven Cre (41).
Chronic HDM-induced phenotypes in these mice largely mimicked those in mice lacking
IL-17RB globally or specifically in CD11c* cells (Fig. 7; cf. Figs. 1,2,5, Supplementary Fig.
3). In both, HDM-induced recruitment of neutrophils in BALF was reduced relative to WT,
but not that of T cells, and eosinophils were only marginally reduced (Fig. 7A). IL-9 and
IL-13 protein levels in BALF were reduced in both mutant mice (Fig. 7B), as were numbers
of IL-9* and IL-13* TCRB* cells in lungs (Fig. 7C). Finally, as observed above for mice
impaired in IL-25 signaling in CD11c* cells (Fig. 4A-C), mice impaired in this signaling
pathway in cDCs also exhibited reduced collagen deposition (Fig. 7D). These findings
identify cDCs among CD11c* cells as critical targets of 1L-25/IL-17RB/CIKS signaling in
HDM-induced pathology.

We generated cDCs ex vivo with FIt3L-stimulation in bone marrow-derived cultures (44).
IL-25 induced the expression of CCL17 mRNA in such cDC cultures within 4h if derived
from WT, but not from IL-17RB-deficicent mice (Fig. 8A). IL-25-induced CCL17
expression was transient, but I1L-25 notably boosted CCL17 expression induced by IL-13,
even after 24h (Fig. 8B); IL-13 had previously been reported to induce CCL17 in DCs to
recruit memory Th2 cells (30). IL-25 also boosted CCL17 protein levels induced by IL-13
alone, especially at lower concentrations of IL-13 (Fig. 8C). Therefore, 1L-25 directly targets
FIt3L-induced BM-derived cDCs and synergizes with IL-13 to induce CCL17.

DISCUSSION

The findings presented demonstrate that the IL-25/IL-17RB/CIKS signaling pathway is a
key contributor to full chronic HDM-induced allergic asthma-like pathology. IL-25 does so
by targeting several distinct cell types and coordinating their interactions. Our research
revealed that the full chronic HDM-induced pathology depends on direct stimulation of
cDCs by IL-25 in the airways, a cell type not previously identified as a physiologically
relevant target of 1L-25. Evidence is presented that once cDCs are activated in this way,
these cells in turn attract differentiated T helper cells to cluster near them. In this way Th9
and Th2 cells localize not only to cells capable of presenting antigens in the airways, but
also to the local source of I1L-25. We further demonstrate that full chronic HDM-induced
pathology also depends on direct activation of the T helper cells by IL-25; this leads to
increased production of 1L-13 and especially of IL-9.

Chronic exposure to HDM is a physiologically relevant mouse model of asthma. HDM is a
common trigger for human asthma and the chronic mouse model recapitulates many aspects
of human asthma. HDM contains multiple components able to activate distinct and
overlapping pathways leading to the release of various initiators of inflammation, including
the alarmins/cytokines IL-33, IL-25 and TSLP, mediators that skew towards type-2
responses. Since IL-33 is a more potent stimulator of ILC2s and type-2 responses than IL-25
and since they also share other target cells, IL-25 might be expected to serve a redundant
role in the chronic HDM model; instead, the data presented reveal important novel
contributions of this cytokine. The contributions were selective: 1L-25 did impact tissue
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remodeling and airway hyper-responsiveness, but not eosinophilia and mucus production.
Mechanistically, the IL-25 pathway notably promoted the functional interaction between
cDCs with Th2 and Th9 cells, and presumably facilitated antigen-mediated activation of the
Th cells. In addition, and importantly, 1L-25 also targeted these cells directly, which in turn
was required to boost production of 1L-13, and especially of IL-9, ultimately driving
pathology. IL-25 enabled physical association of cDCs and Th cells by enhancing
production of CCL17 in cDCs, and it then directly stimulated Th2 and Th9 to develop into
full effectors. Loss of this signaling pathway in either cDCs or in T cells ameliorated
pathologic phenotypes similarly, reducing tissue remodeling and thus improving lung
function.

The recruitment of eosinophils was largely unaffected by loss of the IL-25 signaling
pathway, which correlated with minimal effects on IL-5 production (Supplementary Figure
2E), a major regulator of eosinophil accumulation in tissue. On the other hand, neutrophils,
whose accumulation is generally associated with IL-17 and severe asthma, were notably
reduced in mice impaired in IL-25 signaling. Interestingly, cases of severe asthma have also
been correlated with higher levels of IL-25 and rhinovirus-provoked asthma exacerbations
have been linked to increases in 1L-25 (13). How IL-25 regulated neutrophil accumulation in
this model and why IL-5 and eosinophil accumulation was much less affected remains to be
explored.

IL-25 is produced by so-called chemosensory Brush cells in lungs, which are related to Tuft
cells in the intestines. Brush cells may be found primarily in the upper respiratory tract,
especially at branch points, intertwined with nerve fibers (45). They appear to constitutively
express 1L-25, although the cytokine is likely only released with appropriate stimulations
(46). A recent study additionally shows that exposure to aeroallergens expands these 1L-25-
producing cells, dependent on the LTE4/CysLT3R (Leukotriene E4/ cysteinyl leukotriene E4
receptor) pathway and on IL-25 itself; this process appears to be critical for e.g. Alternaria-
induced lung inflammation (47). The findings presented in the present study reveal a novel
IL-25-initiated process involving both cDCs and Th cells to enhance production of IL-13
and especially 1L-9. We propose a model wherein the local release of IL-25 by Brush cells at
sites of insult stimulates cDCs to increase CCL17 production and possibly other mediators,
which attract and potentially also maintain Th2 and especially Th9 cells; such a scenario
then also allows for the direct local stimulation of these Th cells by I1L-25 and antigens. This
model is supported by our findings that adoptively-transferred Th9 cells clustered near
CD11c* and CCL177 cells in airways in response to i.n. administration of 1L-25 and that the
phenotypes resulting from loss of IL-25 signaling in T cells mimicked those resulting from
loss of this pathway in cDCs. Blocking IL-25 signaling in either of these cell types led to
reduced mast cell accumulation, which is partly controlled by IL-9, and also diminished
collagen deposition, which is partly controlled by IL-13, pathologic features that herald
impaired lung function.

Our findings further suggest that IL-25 may initiate a feed-forward mechanism between
cDCs and Th cells, as Th2-produced IL-13 synergizes with IL-25 to maintain high levels of
CCL17 and possibly other mediators, assuring sustained attraction of Th cells. This is
supported by the observation that IL-25 markedly boosted IL-13-induced production of
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CCL17 in FIt3L-dependent BM-derived cDC cultures. It is possible that low homeostatic
expression of IL-13 or its rapid release by ILC2’s in acute allergic responses is required to
help jump start the feed forward mechanism. In support of this notion, an initial burst of
IL-13 produced by alarmin-stimulated ILC2s has been reported to induce CCL17 in cDCs
and thereby allow for potent memory Th2 activation (30) or terminal effector differentiation
of Th2s in tissue (48, 49). We suggest that IL-25 produced by allergen-stimulated Brush
cells may not only stimulate ILC2’s, but can directly activate cDCs and Th cells to enforce
the clustering and collaborative interaction of these cells, which may be required to allow for
a sufficiently strong activation/terminal differentiation of Th2 and especially Th9 cells at
allergen-challenged critical locations in the airways. In sum, IL-25 is a cytokine that not
only functions as an alarmin in innate responses, but that has long-term effects on adaptive
immune responses in tissue.

Asthma is a disease with different endotypes, suggesting that targeted therapies will depend
on classifying patients beforehand; some endotypes may be particularly sensitive to
interference with the I1L-25 pathway, potentially in combination with specific allergens. But,
as shown here, 1L-25 signaling does have a notable impact on pathology even in the chronic
HDM model, in which multiple inflammatory pathways are activated; this may be due to
unique locations of Brush cells and the feed-forward amplifying circuit I1L-25 triggers. These
findings suggest that therapeutic targeting of the IL-25 pathway may be more generally
beneficially, especially if combined with targeting other pathways.
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Key Points:

IL-25 contributes to specific disease phenotypes in chronic HDM-induced
asthma

Lung remodeling is partly dependent on IL-25 signaling in cDCs and in Th
cells

IL-25 induces clustering of Th9 T cells next to I1L-25-activated cDCs in
airways
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FIG 1.
IL-25 signaling contributes to chronic HDM-induced lung inflammation. Cellular counts in

BALFs of WT, IL-33 KO and CIKS KO mice (A); WT and IL-17RB KO mice (B) and WT
and IL-17RB CD11c KO mice (C) after chronic exposure to HDM (and PBS for WT; similar
to PBS for KO mice). Eosinophils (SiglecF* CD11c* CD11b*); neutrophils (Ly6G*, CD11b
*, CD11c7); T cells (CD4* TCRB™). Significance indicated for HDM-treated WT vs KO
mice. Data are the mean + sem of (A) two independent experiments with n=6-7 mice per
group; (B) three independent experiments with n=7-14; (C) two independent experiments
with n=5-9. * p<0.05; **p<0.01
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IL-25 signaling in CD11c* cells promotes HDM-induced type-2 inflammatory mediators.
(A) Protein levels of IL-9, IL-13 in BALF and CCL17 in lungs of WT and mutant mice as
indicated after HDM (or PBS) exposures. (B) Relative mRNA levels of /L9, /L13and
CCL17in lungs as in (A). Significance indicated for HDM-treated WT vs KO mice. Data

are the mean + sem of two independent experiments with a total of n=6-8 mice per group

for WT and IL-17RB CD11c KO and n=6-12 mice per group for WT and CIKS CD11c KO.
*p<0.05; **p<0.01.
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FIG 4.
IL-25 signaling in CD11c* cells increases HDM-induced collagen deposition and airway

resistance. (A) Representative lung sections of HDM or PBS treated WT and mutant mice,
as indicated, stained with Picro red for collagen deposition. (B) Quantification of collagen
deposition. Area, integrated density and background values were obtained using Image J
software (Corrected intensity= integrated density-(area x mean of the background)). All data
were normalized against WT PBS control. Significance indicated for HDM-treated WT vs
KO mice. (C) Airway hyper-resistance response to methacholine in HDM or PBS treated
WT or mutant mice as indicated. Data are the mean + sem of two independent experiments
with two or three fields per mouse counted with total of n=4-6 mice per group (A,B) and (C)
three independent experiments with a total of n=7-8 mice per group, except one experiment
for CIKS CD11c KO with n=3 mice. *p<0.05; **p<0.01.
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cells and YFP (B) or GFP (D) cell densities in clusters, and total numbers of these cells in
lung tiles for data from (A) and (C), respectively, based on counting cells in three sections of
left lobule of the lung per mouse from three independent mice/experiments. Clusters defined
as = 3 T cells in close proximity to each other, which only occurred very close to (or
ostensibly touching) dendritic cells. *p<0.05; **p<0.01; ***p<0.005.

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Claudio et al.

Page 21

A Eosinophils  Neutrophils T cells B IL-9 (pgiml) IL-13 (pg/mi)

10" T 10" 150
1.5] ¢ 10] ¢ 2.0 0
- 0
7, 8 15% 100
E N 614 O
205 0 4 1.0 30
T d 2 . 0.5

C

Cell number

HDM PBS HDMPBS

IL-9+ (T cells) IL-13+

107 10
8 , 15
61{ o 1
4

, %g 05
oL—a ol
FIG 7.

HDM PBS

D fj‘; _—

@) it
m X /"WA
D 41
~ QWS M
— gV
=50k Ky

A X

OWT

Relative peribronchial

collagen densitiy

O =~ N W X

vy

Conventional lung dendritic cells (cDCs) are critical targets of 1L-25 (A,B) Cellular counts
(A) and protein levels of IL-9 and IL-13 (B) in BALFs of HDM (or PBS) treated WT and
IL-17RB Zbtb46 KO mice. (C) Numbers of IL-9 and IL-13 producing TCRp+ T cells in
lungs of HDM treated WT and mutant mice, as indicated. (D) Representative sections and
quantification of collagen deposition around airways of WT and mutant mice, as indicated
and as described in Fig. 4. Data are the meanz sem of two independent experiments, n=5-12
mice per group, except one experiment with n=3 mice for WT PBS group in (A).
Significance indicated for HDM treated mice. *p<0.05; **p<0.01.
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FIG 8.

IL-25 synergizes with IL-13. (A-C) FIt3L-induced BMDCs were incubated with IL-25
(500ng/ml) without or with 1L-13 (25ug/ml, except in C) as indicated, and relative mRNA
levels (A,B) or protein levels (C) of CCL17 are shown. Cells were stimulated for 4h (A),

24h (B) or 3d (C), with increasing concentrations of IL-13 in (C)). Data are the mean = std

of n=6 experiments/mice for (A); n=7 for (B) and n=4 for (C). *p<0.05.
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