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TLR9: Toll-like receptor 9; MIS416: TLR9 ligand-containing microparticle; pDCs: Plasmacytoid dendritic cells; NK cells: Natural
killer cells; ILC2: Group 2 innate lymphoid cells; IFN: Interferons; STAT1: Signal transducer and activator of transcription 1;
IFNAR: Interferon a/f receptor; IFNGR: Interferon gamma receptor; AHR: Airway hyperreactivity




10

11

12

13

14

15

16

17

18

19

20

21

22

23

TITLE PAGE

Original Article

TLR9-dependent interferon production prevents group 2 innate lymphoid cell-driven

airway hyperreactivity

Christina Li-Ping Thio PhB) Alan Chuan-Ying Lai Phf) Po-Yu Chi MS, Gill Webster

PhD’, and Ya-Jen Chang PAD

& Institute of Biomedical Sciences, Academia Sinida, 128 Academia Road, Section 2,
Nankang, Taipei, Taiwan 11529

® Innate Immunotherapeutics, Auckland, New Zealand

Corresponding author:

Ya-Jen Chang, PhD,

Institute of Biomedical Sciences,

Academia Sinica,

No. 128 Academia Road, Section 2, Nankang, Tai@ewan 11529
Phone: (886) 22789 9050

Fax: (886) 22789-8594

E-mail: yajchang@ibms.sinica.edu.tw



24

25

26

27

28

29

30

31

32

33

34

35

36

Funding: This work was supported in part by the MinistrySzfience and Technology [105-
2628-B-001-009-MY3 and 106-2320-B-001-001 to Y.Jabd by the Academia Sinica

Career Development Award [104-CDA-LO5 to Y.J.(n] Tiaiwan.

Author Contribution: C.L.P.T. planned and performed experiments, andenre
manuscript. A.C.Y.L. helped plan experiments, pregdahe materials and mice, and edited
the manuscript. P.Y.C. performed the multiplex Iseagtay experiment and assisted with
experiments. G.W. provided MIS416 and edited tlawuscript. Y.J.C. conceived and

initiated the project, planned experiments, andtevtibe manuscript.

Competing financial interests

G.W. is an employee at Innate Immunotherapeutioskland, New Zealand. The authors

have declared that no competing financial inteeasts.



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Abstract:

Background: Group 2 innate lymphoid cells (ILC2s) are impatteediators of allergic
asthma. Bacterial components such as unmethylgi&l@NA, a toll-like receptor 9 (TLR9)
agonist, are known to possess beneficial immmunomatahy effects in T cell-mediated

chronic asthma. However, their roles in regulatit@2s remain unclear.

Objective: To determine the role of TLR9 activation in regfing ILC2 function and
evaluate the therapeutic utility of an immunomotiuiamicroparticle containing natural

TLR9 ligand (MIS416).

Methods: We evaluated the immunomodulatory effects of @pi@ IL-33-induced airway
hyperreactivity (AHR) and airway inflammation. Thaes of interferons (IFNs) were
examinedn vivo andin vitro usingStat1” mice and neutralizing antibodies against HN-
and IFN«/p receptor subunit 1 (IFNAR1), and their cellulauszes were identified. The
therapeutic utility of MIS416 was investigated lre Alternaria alternata model of allergic

asthma and in humanized NSG mice.

Results: We show that TLR9 activation by CpG A suppresdke33-mediated AHR and
airway inflammation through inhibition of ILC2s. Aeation of TLR9 leads to production of
IFN-a, which drives IFNy production by NK cells. Importantly, IFNis essential for TLR9-
driven suppression and IFNeannot compensate for impaired IFNignalling. We further
show that IFNy directly inhibits ILC2 function through STAT1-depdent mechanism.
Finally, we demonstrate the therapeutic potenfiflis416 inA. alternata-induced airway

inflammation, and validated these findings in husan
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Conclusion: TLR9 activation alleviates ILC2-driven AHR andawaay inflammation through
direct suppression of cell function. Micropartitdased delivery of TLR9 ligands may serve

as a therapeutic strategy for asthma treatment.
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Key messages.

* TLR9 activation by CpG A attenuates IL-33-driven Rtand eosinophilia through
inhibition of ILC2 function.

* TLR9 activation rapidly triggers innate IFNproduction by NK cells in a STAT1 and
type | IFN-dependent manner.

* IFN-y, but not type I IEN, is the effector cytokine megihg the suppressive effects of
CpG A.

* IFN-y directly inhibits cytokine production by ILC2skély throughsocsl induction.

» Local administration of microparticle-encapsulatedural TLR9 ligand effectively

attenuated\. alternata-induced airway inflammation and human ILC2 expansi

Capsule summary: Our findings underscore the critical role of TL-R@uced innate IFN-
production by NK cells in suppressing ILC2-drivameay inflammation and offer an
alternative delivery approach for natural TLR9 hdahrough bacterial-derived microparticle

encapsulation.

Key words: TLR9; CpG A; group 2 innate lymphoid cells; afjer asthma; MIS416;

interferons

Abbreviations:

AHR: Airway hyperreactivity; BALF: Bronchoalveoléavage fluid; TLR9: Toll-like
receptor 9; ILC2: Group 2 innate lymphoid cellsNIAnterferons; pDC: Plasmacytoid
dendritic cells; NK cells; Natural killer cells; R Recombination-activating gene; WT:

Wild-type
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INTRODUCTION

Asthma is a heterogenous inflammatory disease cteaized by chronic
inflammation of the airways and airway obstructilmading to symptoms such as shortness
of breath, chest tightness, and wheeZiAgproximately 300 million people worldwide are
affected by this disorder, which has many differdimtical phenotypes although allergen-
induced allergic asthma remains the most prevétent. Hallmark traits of allergic asthma
are eosinophilic inflammation in the airways and pnesence of serum immunoglobulin E
(IgE), both of which are attributed to T helpereyp (T42) cell-derived type 2 cytokines:
interleukin (IL)-4, IL-5, and IL-13. Other less comon asthma phenotypes are classified as
the non-allergic form, including those caused bghinfection, air pollution, and obesity.

As there is no cure for asthma yet, the main aiuofent treatment is to provide long-term
disease control. However, these treatments ordyialie the symptoms, but do not treat the

primary cause of the disease.

Innate lymphoid cells (ILCs) are a group of newgfided non-B, non-T cell
lymphocytes that respond rapidly to environmerdatdrs to produce an array of cytokiries.
* Group 2 ILCs (ILC2s), in particular, have been licgted in the pathogenesis of asthma.
Studies on fungal allergeAgrotease8 and virus-mediated airway hyperresponsivehess
have all demonstrated a critical role of ILC2s inyoking inflammation. These cells can be
rapidly activated by epithelial-derived cytokinegk as IL-33, IL-25, and thymic stromal
lymphopoietin (TSLP), as well as lipid mediatorsluding leukotriene D4 to produce high
levels of T2 cytokines IL-13, IL-5, and to a lesser extenélE{LC2-derived IL-13 and IL-5
contribute to asthma development through the ragoart of eosinophils and by promoting
goblet cell hyperplasia and mucus hypersecretespeactively. In addition, ILC2s can
orchestrate the adaptive immune response throsgtiigen presenting functidms well as

through ILC2-derived IL-13 which induces dendritigll (DC)-mediated memory4P cell
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recruitment after allergen re-challeny&aken together, ILC2s are important modulator and

effector cells in the pathogenesis of asthma.

Microbial components possess immunomodulatory pitigsethat can confer
protection against asthma. In line with this notistudies have shown that Toll-like receptor
(TLR) activation by microbial ligands such as LH&R4 ligand) conferred protection
against allergic airway diseases-*Bacterial DNA represents another TLR ligand that
possesses immunomodulatory properties. The unnagtityCpG motifs found on bacterial
DNA are recognized by TLR¥: **an intracellular TLR expressed by multiple immuweds
including B cells, monocytes, and DCs in motisiut is restricted to plasmacytoid DCs
(pDCs) and B cells in human$The immunomostimulatory properties of synthetic3Cp
oligodeoxynucleotides (ODNSs) have been extensistlgied in T cell-mediated allergic
asthma models, including cockroach aller§eavalbumin (OVA)'® and house dust mites
(HDM).*® In most studies, the protective effects of clas3ENs are attributed to increased

n" #and T1-skewed responses® The role of CpG ODNSs in the context

Treg cell functio
of ILC2-driven allergic asthma remains undefined.

MIS416 is a myeloid-targeted immunomodulatory mpandicle (2 x 0.5 micron rod-
shaped patrticle) derived from commensal gram @i opionibacterium acnes. M1S416
comprises of cell-wall skeleton-associated muradifyeptide (MDP) and bacterial genomic
single stranded DNA which activates the intracallydathogen sensors, nucleotide
oligomerization domain 2 (NOD2) and TLR9, respeaij\? Due to its microparticle
formulation, uptake is restricted to phagocytic toygcells, thus avoiding direct effects on
the lymphoid and non-immune compartments. When asedvaccine adjuvant, MIS416
promoted effective T1 adaptive immunity® **an immunological response that has been

exploited for the treatment ofy2-biased allergic responses. Its efficacy in treptllergic

diseases, however, has not been elucidated.



139

140

141

142

143

144

145

146

147

148

149

150

151

152

Here we demonstrate that TLR9 activation by immtinadatory CpG A potently
suppresses IL-33-mediated airway hyperreactivitiR) and lung inflammation through
suppression of ILC2 function. Mechanistically, TLBignaling results in type | IFN
secretion, which in turn promotes IFNsroduction by NK cells. Importantly, IFK-but not
type | IFN, is the effector cytokine mediating thaibitory effects of CpG A, acting directly
on ILC2s to suppress cell proliferation and cytekproduction. Extrinsic and ILC2-intrinsic
STAT1 contribute to type | IFN production and IFNnediated inhibition of ILC2 function,
respectively, culminating in reduced airway inflaatran. Finally, we show that the bacterial
DNA-containing immunomodulatory microparticle MISsléan effectively suppregs
alternata-driven airway inflammation in mice and type 2 dytee production by human
PBMCs as well as human ILC2 expansion. Overal stiidy identifies an innate immune-
driven mechanism for CpG A/TLR9 signaling in redurdg ILC2 function and demonstrates
the potential therapeutic utility of micropartidb@sed formulation of TLR9 agonist for

asthma management or treatment.
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METHODS

Mice

BALB/c and C57BL/6 mice were purchased from Natldraboratory Animal Center
(Taipei, Taiwan)Rag2”™ mice were purchased from Taconic Farms (Hudson), Whéreas
Ragl”, Rag2/IL2rg”, Satl”, and NOD SCID (non-obese diabetic severe combined
immunodeficiencyyC-deficient (NSG) mice were purchased from the Sack_aboratory
(Bar Harbor, ME)TIr9" mice were a kind gift from Dr Shizuo Akira (Osalaiversity).
Ifng” mice were a kind gift from Dr Liao Nan-Shih (Irtste of Molecular Biology,
Academia Sinica). All animals were housed undecifipgpathogen-free conditions.

Experiments were performed with age-matched (®twéeks) female mice.

Models of lung inflammation

Mice were given 0.1 pug of recombinant murine IL{B#legend, San Diego, CA) once daily
for 3 days through the intranasal route. Airwayanfmation was assessed 3 days later. For
the ILC2 adoptive transfer experiment, mice weiaed one day after the last IL-33
treatment. In the fungal allergen model, mice warallenged intranasally with 5 pug of
Alternaria alternata (Greerlabs, Lenoir, NC) daily for four days. Airwaflammation was

assessed 24 hours after the last challenge.

Invivo CpG A or M15416 treatment

In the pre-treatment protocol, mice were givenasif@pG A (InvivoGen, San Diego, CA),
ctrl ODN (InvivoGen), MIS416, or DNA-deficient MIS4 (empty MIS416 or eMIS416)
through the intranasal route, one day and 30 maor py the first IL-33 orA. alternata

treatment. CpG A and ctrl ODN were given at 5 pgdose whereas MIS416 and eMIS416
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were administered at 50 ug per dose. In the peatrtrent protocol, mice were given 50 pug

MIS416, 30 min after the first and thiAd alternata challenge.

Neutralizing antibody treatment

To neutralize IFNy, mice were injected intraperitoneally with 250 efganti-IFN-y or

control IgG antibodies daily for 3 days (Days -11)oCpG A or MIS416 were given on days
-1 and O, followed by IL-33 treatment from dayo@t Anti-IFNAR1, anti-PDCAL or

control IgG antibodies were administered throughititraperitoneal route at a dose of 500
g per mouse, 24 hours and 30 min before CpG AgjpMIS416 (50 pg) treatment and
sacrificed 24 hours later. All neutralizing antileslwere purchased from BioXcell (West

Lebanon, NH).

M easurement of airway AHR

Mice were anesthetized with pentobarbital (Sigmdrigh, St Louis, MO) at 100 mg/kg of
body weight. Anesthetized mice were tracheotomiggdbated, and mechanically ventilated
at a tidal volume of 0.20 mL and a frequency of bs€athes/min. Lung function was
determined by direct measurement of airway reststam response to increasing
methacholine (Sigma-Aldrich) doses (1.25 to 40 mg/ma the FinePointe RC system

(Buxco Research Systems, Wilmington, NC).

Flow cytometry

Single-cell suspensions were processed for flowrngtry analysis as described in the

Methods section in this article’s Online Repository

ILC2 sorting
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Murine lung ILC2s were sorted froRag2’ mice given 0.3.g of IL-33 for three consecutive
days and rested for three days to obtain suffioembers for sorting. ILC2s were sorted as
CD45 Lin” STZ cells. Lineage markers used are CD3, CD18RFd-4/80, CD11b, CD11c,
and CD49b. Sorting was performed with a FACS Adk sorter (BD Biosciences, Mountain
View, CA) with a sorting purity of > 95%. Cells weemaintained in RPMI 1640

supplemented with 10% fetal calf serum (FCS), 14832 and IL-7 (All at 10 ng/mL).

I solation of human peripheral blood mononuclear cells (PBMCs)

Whole blood was obtained from healthy male donAge(20 to 30). PBMCs were isolated
by separation over a Histopaque 1077 (Sigma-Alfidemsity gradient and cultured in RPMI
1460 supplemented with IL-2 alone or with IL-33 {Bat 50 ng/mL) in the absence or

presence of MIS416 (0.1, 1 or t§/mL) for 72 hours.

Humanized mice

Adoptive transfer of PBMCs into NSG mice was parfed as previously describé&t.

Briefly, PBMCs were isolated from whole blood byaeation over a Histopaque density
gradient and injected intravenously into NSG mica density of 1 x 10cells/mouse,
followed by three daily intraperitoneal injectiooisrecombinant human IL-33, IL-2, and IL-7
(All at 500 ng/mouse/day). MIS416 (50 pg) was adstaned intranasally right before the

first and second cytokine injections. Mice werergi@ed 24 hours later.

Statistical tests
Statistical analyses were performed using Pris@r@ghPad Prism software, San Diego,

CA). Two-way analysis of variance (ANOVA) and Statle two-tailedt-test were used to
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determine statistical significance between grouwpereP values ok 0.05 were considered

to be significant.

Study approval

Animal studies were approved by Academia Sinicétutgnal Animal Care and Use
Committee (IACUC), and all experiments were perfednaccording to the guidelines of
IACUC. Informed consent was obtained from each dasaequested and approved by

Academia Sinica Institutional Review Board (AS-IRBA-15054).

Additional information on methods can be foundha Methods section in this article’s

Online Repository.
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RESULTS

TLR9 agonist, CpG A, suppresses | L-33-mediated acute AHR and lung inflammation

Activation of TLR9 by CpG ODNSs has been demonstrateexert protective effects in
antigen-induced respiratory allergic resporfsésowever, its effect in acute models of
asthma has not been described. To this end, wegated mice with CpG A (ODN 1858)
through the intranasal route, followed by intrahasiministration of IL-33 to activate ILC2s
(Fig 1,A). We found that CpG A-mediated TLR9 activatiomgigantly inhibited IL-33-
induced AHR P < 0.001; Fig 1B; solid compared with open triangles) and eosinophi
infiltration in the BALF (Fig 1,C). Associated was the suppression of lung IL-131an8]
key effector cytokines that regulate AHR and aingaginophilia (Fig 1D). To determine
whether this was the result of a failure of IL-38éndant ILC2 expansion, we analyzed the
proportion of ILC2s in the lungs after treatmendl &und that mice treated with CpG A and
IL-33 had lower percentage (FigH) and total number (Fig E) of lung ILC2s compared
with IL-33-treated mice. The suppressive effectseafeund to be CpG-dependent as non-
CpG ODN (control ODN 1585) failed to suppress I-488uced AHR (Fig E1A) and
eosinophilia (Fig E1B). Likewise, IL-33-driven lung ILC2 expansion (Hi{, C) and type 2
cytokine production were unaffected (Fig EY),

To exclude the role of adaptive immunity, we uBed2”™ mice and observed that CpG
A-treatedRagZ"' mice developed lower AHRP(< 0.001; Fig 1G; solid compared with open
triangles) and BALF eosinophil count (FigH) than their PBS-treated counterparts when
exposed to IL-33. Likewise, ILC2 expansion was ghted by CpG A, as determined by
reduction in total lung ILC2 numbers (Figl), Moreover, CpG A patrtially suppressed IL-13

and IL-5 production by lung ILC2s (Fig J;K). Collectively, these data imply that inhibition
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of ILC2 expansion and function by CpG A accountadtie lack of lung hyperreactivity and

inflammation, and that suppression was indepenadfeadiaptive immunity.

TLR9 activation by CpG A inducesthe production of IFN-y by NK cellsthrough typel
IFN signaling

Activation of TLR9 by CpG A leads to productiontgpe | and Il IFNs, as well as IL-
122 ?°We measured BALF levels of these cytokines aedkft time-points and found that
type | IFN (IFN-w), type Il IFN (IFN<), and IL-12p40, but not bioactive IL-12p70, were
induced by CpG A (Fig 23 andB). Kinetically, both IFNe. and IFNy production peaked at
24 hours (Fig 2A), whereas IL-12p40 levels increased continuousigughout the
observation period (Fig B). The mRNA level of IFNs, however, was induced 1 hour post-
CpG A treatment, and increased gradually over tpeeking at 16 hours (Fig ER).
Meanwhile, IFN-responsive genddxl, Ifitl, Ccl2 andCxcl10) were induced as early as 3 h
post-CpG A treatment and peaked between 16 to @rst{ig E2B-E).

Both type | IFNs and IL-12 can induce IFNsroductior?” % Since IFNe, but not IL-
12 was induced, we further examined whether tylf&\Isignaling is essential for IFN-
production. To block type | IFN signaling, we emy#d anti-IFNAR1 neutralizing antibody
and found that this completely abrogated H-production (Fig 2C), implying that IFNy
production relied on type | IFN signaling. Consigtaith previous studieS,we observed
that BM-pDCs produced high levels of IFkiNin response to CpG A (Fig B). To confirm
the role of pDCs, we used anti-PDCA1 neutralizingkedy to deplete these cells. Depletion
of pDCs markedly reduced BALF IFNproduction (Fig 2E). Taken together, these data
indicate that pDCs and their associated cytokines®aicial for IFNy-production.

Among the immune cell subsets, T cells and NK a&ls be induced by type | IFNs to

produce IFNy.3% *! Therefore, to identify the major producers of IFNwe first analyzed the



286 levels of IFNy in CpG A-treatecRagZ"‘ (T and B cell-deficient) anRagZ/IIng"' mice

287  (lacking all lymphocytes, including NK cells, buave intact myeloid component). CpG A
288  triggered IFNy production inRag2”” mice, but noRag2/I12rg”™ mice (Fig 2F), in both

289  BALF and lungs, suggesting that adaptive and mgetomponents are expendable, and
290 innate lymphoid cells are likely the major prodwscef IFN+y. Flow cytometry analysis

291 revealed NK cells (CONK1.1" T-bet Eomes3) to be the major IFN-producing cells (Fig
292 2,G). In line with this, NK cells were also activateg CpG A treatment, as determined by
293  CD69 expression (Fig #). Notably, we found that CpG A-mediated NK celliaation and
294  IFN-y production were dependent on type | IFN signalagganti-IFNAR1 treatment

295 attenuated IFN-production (Fig 2| (upper panel) and) and inhibited NK cell activation
296  (Fig 2,1 (lower panel) ané).

297

298 IFN-y mediatestheinhibitory effects of CpG A

299 To examine the role of IFN4n TLR9-mediated protection, we administered ##akN-
300 vy antibody concurrently with CpG A, followed by IL.33reatment (Fig 34). Neutralization
301 of IFN-y abolished the suppressive effects of CpG A anmed AHR @ > 0.05; Fig 3B;
302  solid circles compared with solid triangles) andoasated eosinophilia (Fig 8). Likewise,
303 lung levels of IL-13 and IL-5 were significantlydtier in these mice compared with mice
304 given CpG A and IL-33 only (Fig ). Total lung ILC2 number was also completely
305 restored (Fig 3E). To further substantiate these findings, we ugegi” mice and showed
306 that CpG A failed to suppress BALF eosinophiliag(BiF) and lung ILC2 cell expansion
307 (Fig 3,G). Overall, these data support the notion that {FHblthe effector cytokine that
308 governs the protective effects of CpG A.

309 A recent study demonstrated that IFNan directly inhibit mesenteric ILC2 ceffsIn

310 accordance with the aforementioned study, we fabhatlIFN+ suppressed lung ILC2 cell
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proliferation (Fig 4 A) and type 2 cytokine production (FigB), without affecting viability
(Fig 4,C). IL-33 can activate Akt and mitogen-activatedtpio kinases (MAPKJ> 3
However, phosphorylation levels of these kinase®wealtered by IFN-treatment (Fig 4,

D), suggesting that inhibition likely occurs dowmstm of these kinases.

STAT1lisessential for CpG A-mediated inhibition of ILC2s

STAT1 is a major transcription factor for both tylpend Il IFN signaling® IFN-y
treatment has been shown to ind@JAT1 expression in ILC2s, and STAT1 directs the
suppressive effects of IFin vitro.>* We found that IFN¢ induced STAT1 phosphorylation
in sorted lung ILC2s (Fig £). Consistent with published reporfs®* STAT1 deficiency
impaired the ability of IFN¢to inhibit cytokine production (Fig &). Additionally, IFN+y
treatment inducedobcsl expression in a STAT1-dependent manner (Fi@)4,

Next, we examined whether STATL1 in critical for CAGnediated inhibition. To
investigate this, we employ&iatl” mice and found that STAT1 deficiency abolished the
suppressive effects of CpG A in terms of AHRX 0.05; Fig 5A,; solid compared with open
triangles), BALF eosinophil count (Fig B), and lung ILC2 expansion (Fig 6).
Accordingly, CpG A failed to suppress type 2 cytakproduction in these mice (FigB).
This is attributed to impaired IFN-and IFNy production, as determined by cytokine
measurement in the BALF (Fig B).

To determine whether ILC2-intrinsic STAT1 signalisgmportant for CpG A-
mediated inhibition, we sorted and adoptively tfared WT andat1” lung ILC2s into
CD45.1 recipient mice prior to treatment with IL-83d CpG A (Fig 5F). Both WT and
Satl” ILC2s reconstituted equally in the BALF of recipienice and expressed GATA3

(Fig 5,G). However, the inhibitory effect of CpG A on ILE&¥tokine production was
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partially attenuated itat1” donor ILC2s as compared to their WT counterpairi HFH

andl), suggesting a role for ILC2 intrinsic STATL.

M1$416, a TLR9 ligand-containing immunomodulatory microparticleis specifically
taken up by myeloid cells

To explore the therapeutic applicability of TLR@rsaling in treating ILC2-driven
airway inflammation, we utilized an immunomodulgtanicroparticle called MIS416, which
comprises oPropionibacterium acnes DNA (TLR9 ligand) and MDP (NOD2 ligand) cross-
linked to the cell-wall skeleton (Fig EB). Due to its rod shape and microparticle size,
MIS416 is only sequestered by phagocytic immunis seich as macrophages, monocytes,
and DCs, thus limiting uptake by nonimmune cellyorphocytes® To confirm the
myeloid-specificity of MIS416 in the lungs, we tted mice with fluorescent-labeled MIS416
(AF488-M1S416 or AF647-M1S416) for 1, 3, or 5 daysd performed flow cytometry
analysis to study the kinetics of MIS416 uptakalifferent myeloid and lymphoid subsets
(Fig E3,B). As shown in Fig 6A and B, MIS416 can be uptakenyeloid cells, mainly
AMs, but not lymphoid and nonimmune cells (CDgb6pulation). Additionally, MIS416 also
induced expansion of myeloid cells, most notabl{CsDwhereas AM population only
expanded on day 5 (Fig 6). Since AMs were the major cells that uptake Mig44e
examined their function by using clodronate to dépthese cells (Fig EB). AM depletion
did not affect AHR (Fig E3D) and BALF eosinophil count (Fig EB), suggesting that they
are dispensable for suppression.

In line with the restricted uptake of MIS416 by gbaytic cells, we did not observe
any uptake by ILC2s (Fig E4), which can only undertake endocytaSigurthermorein

vitro analysis of cultured lung ILC2s revealed that MiI64iid not affect ILC2 proliferation



359 (Fig E4,B) and type 2 cytokine production at both proteiig 4, C) and mRNA (Fig E4,
360 D) levels. These observations verify that MIS416 hadlirect effect on ILC2s.

361

362  MI1$416 antagonizes I L-33-driven airway inflammation through IL C2 inhibition

363 To investigate the effects of MIS416 on ILC2-driveHR and airway inflammation,
364 we pre-treated mice with MIS416 according to th&Qpprotocol in Fig 1A, followed by
365 IL-33 treatment. Similar to CpG A, MIS416 suppresie 33-induced AHR P < 0.001; Fig
366 6, D; solid circles compared with solid triangles) &WlLF eosinophil count (Fig &).

367 Importantly, MIS416 deficient in TLR9 ligand (terchempty MIS416 or eMIS416) failed to
368  suppress AHRK > 0.05; Fig 6D; solid circles compared with solid squares) and_.BA

369  eosinophil count (Fig &). Similar findings were observed Tr9” mice (Fig E5A to C),

370 thus affirming the importance of TLR9 signaling tbe protective effects of MIS416. We
371  also ruled out the role of adaptive immunity by destrating that MIS416 attenuated AHR
372 (P <0.001; Fig E5D; solid square compared with open circles), BALBieophil count (Fig
373 E5,E), and ILC2 induction (Fig ES;) in the lungs oRagZ"‘ mice.

374 In addition to inhibiting AHR and eosinophilia, i@und that MIS416 almost

375 completely abolished IL-13 and IL-5 production (E6,A). Like CpG A, this was attributed
376  to suppression of ILC2 expansion (Fig Bgupper panel) an@) and cytokine production
377  (Fig E6,B (lower panel) an@®). Consistent with these observations, MIS416 aoretied IL-
378  33-induced airway thickening and mucus hypersemmetissessed by H&E and PAS staining,
379  respectively (Fig EEE).

380

381  MIAl6-driven inhibition requires IFN-y signaling

382 As with CpG A, MIS416 treatment induced IFNFig E7,A) and IFNy (Fig E7,B) in

383 the lungs on day 1 post-MIS416 treatment. To canflie importance of IFN-signaling in
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MIS416-mediated suppression, we blocked -dignaling using anti-IFN-neutralizing
antibody. This resulted in failure of MIS416 to ibit AHR (P > 0.05; Fig 6F; solid
rhombus compared with solid triangle) and BALF aophilia (Fig 6,G). Moreover, in the
absence of IFN-signaling, IL-33-induced lung pathology was naotelssed by MI1S416 (Fig
6, H), providing further evidence which supports a folelFN-y signaling in MIS416-driven
inhibition.

Similar to a previous study that showed that MIS#ithices IFNe production by
human pDCS! we found that MIS416 triggered murine BM-pDCs, bat BM-cDCs, to
produce high levels of IFN-in a dose-dependent manner (Fig EY,Mechanistically,
depletion of pDCs abrogated IFiNproductionin vivo (Fig E7,D), whereas blocking type |
IEN signaling abolished IFN-production (Fig E7E), implicating the pDC/type | IFN/IFN-
axis. Similar to CpG A, IFN-production by MIS416 was NK cell-dependent, basedthe
observations that IFN-production was induced by MIS416Rag2” mice (Fig E7F), but
not RagZ/IIng"‘ mice (Fig E7G), and that the percentage (Fig EJj,and total number (Fig
E7,1) of IFN-y" NK cells increased in response to MIS416. Colextii, these data confirms

that MIS416 works in a similar manner as CpG A.

M 13416 potently suppresses A. alternata-induced AHR and type 2 inflammation

To further evaluate the therapeutic benefit of MI&4h inhibiting ILC2-mediated type
2 lung inflammation, we used a clinically relevambdel,A. alternata. In this model, we
performed pre- and post-treatment regimens by exgasice to MIS416 before or after the
first A. alternata challenge (Fig 7A), which allows us to evaluate the prophylactic and
therapeutic potentials of MIS416, respectively. iMend that both treatment potently
suppressed. alternata-induced AHR P < 0.001 for both treatment regimens; FidY.,A.

alternata-driven type 2 inflammatory markers were also sepped, as evidenced by the
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decrease in BALF eosinophil infiltration (Fig€) and lung IL-5 and IL-13 levels (Fig D)
in MIS416-treated mice, regardless of the treatmegitnen. Flow cytometry analysis further
revealed thad. alternata significantly increased lung ILC2 percentage (Fi&) and number

(Fig 7,F), and both pre- and post-treatment with MIS416lareged the induction.

M1S416 suppresses type 2 cytokine production by human PBM Csand human ILC2
expansion

To evaluate the translational aspects of our figsljnve first examined whether
MIS416 can inhibit type 2 cytokine production byC2s in PBMCsln vitro culture of
PBMCs with IL-33 and IL-2 promotes antigen-indepemidproduction of type 2 cytokines by
human ILC2s® Using similar protocol, we cultured PBMCs fromeérhealthy donors in the
presence or absence of MIS416, and observed tia4 Ml suppressed cytokine production
in all donors, although to varying degrees of poyefirig 8,A). To determine whether
MIS416 inhibits human ILC2 expansion, we adoptiveansferred PBMCs into NSG mice
prior to treatment with MIS416 and IL-33 (FigB). Flow cytometry analysis revealed
partial reduction in the percentage (Figc3,and total number (Fig &) of IL-33-activated
human ILC2s in the lungs of mice treated with MI64E compared to their PBS-treated

counterparts.
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DISCUSSION

In this study, we show that TLR9 activation by CA@rotects against ILC2-driven
AHR and airway inflammation through type | IFN/IFNsignaling axis in a STAT1-
dependent manner. Importantly, NK cell-derived H5Nbut not type | IFNs, play a critical
effector role in mediating the suppressive effe¢t€pG A. In a proof-of-concept study, we
further show that TLR9 activation by the therapeuticroparticle MIS416 abolisheil
alternata-induced AHR and type 2 inflammation through intidn of ILC2s. Notably,
MIS416 inhibited human ILC2 expansion and IL-33tndd type 2 cytokine production in
PBMC culture. This study thus highlights an allergedependent, innate-driven mechanism
for suppression of acute airway inflammation triggeby ILC2s, unlike previous studies that
implicate a role for adaptive immunit§.*® 3

Synthetic CpG-ODNSs have been of interest as immuaatory agents for asthma
treatment due to their anti-allergic effects in eqmental models of asthni&.** CpG ODNs
potently prevented the development of allergen-teduAHR and BALF eosinophilia in both
mouse and primate models of asthth&® “*as well as features of airway remodeling
including basement membrane thickening and golelétretaplasid® When used as an
adjuvant for specific antigen immunotherapy, CpGN8Deversed established eosinophilic
airway inflammation and AHR? **Moreover, treatment with CpG ODN's increased
resistance to respiratory syncytial virus infecteord prevented virus-induced asthma
exacerbatiorf’ Nevertheless, in a model of severe asthma indogedple allergen, CpG
ODN treatment failed to attenuate AHR and airwayadeling although IgE and eosinophil
levels in the lung were suppres$8¢h our study however, TLR9 activation significantl
suppressed AHR and type 2 inflammation induced glternata, a fungal allergen
associated with severe asthfid® This suggests that despite causing similar asfeatares,

the different biologic mechanisms triggered byehént allergens or combination of allergens
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may affect the efficacy of CpG ODNSs, further undertng the heterogeneity of asthma and
the importance of targeted therapy.

Mechanistically, the inhibitory effects of CpG ODNave been attributed in part to the
induction of IFNy and IL-12, which creates a;I-oriented milieu that counteractgZl
inflammation?® In addition, CpG-ODN also induces IL-10 producttpnregulatory T cells
(Tregs) and interstitial macrophages which can sgsT,2 immune respons®, > although
TLR9 activation in the presence af,25-dihydrovitamin D3 inhibits the regulatory fuiwst
of Tregs>? In this study, we found elevated levels of IENHFFN-y, and IL-12p40, but not
bioactive IL-12p70 in the BALF and lungs of CpG redted mice. We also did not detect IL-
10 (data not shown), further supporting our finditigat CpG A exerts its effect through IFN
responses. Contrary to a recent finding that thRThgonist, R848, induces rapid increase
of IFN-a (peaking at 1 h) in the BAL® CpG A-induced IFNs showed delayed and
overlapping kinetics with IFN; peaking at 24 hours. However, the mRNA levelF{-o
and IFN-responsive genes were induced within tis¢ 3 hours post-CpG A treatment. This
indicates the induction of an earlier but weakeety IFN response that was amplified over
time. Indeed, CpG A has been shown to induce aédeélgype | IFN kinetics which require
autocrine type | IFN signaling in a STAT1-dependmainner” >*In support of this, we
found that STAT1-deficiency blocked IFdNproduction in response to CpG A. We also
observed that CpG A was less effective in inhilgitib-33-induced cytokine production by
Sat1” ILC2s as compared to WT ILC2s. Hence, these dajgesi that both extrinsic and
ILC2-intrinsic STAT1 regulates the inhibitory eftsof CpG A.

Both type | and Il IFNs have been shown to diretthibit IL-33-activated ILC2sn
vitro.*> **Invivo, TLR7- and influenza A-induced type | IFN signglihave been reported to
suppress ILC2% >®Both stimuli also trigger IFN;>> *°but the interplay between both IFNs

has not been elucidated in the context of ILC2s.fovied that type | IFNs are crucial for
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IFN-y production by NK cells given that IFNAR blockadanikedly reduced IFN-
production. This finding is consistent with prevsoeports that indicate a stimulatory role for
type | IFNs in IFNy production by NK cell$® **Importantly, IFNy is the effector cytokine
mediating the suppressive effect of CpG A and tylfé&Ns cannot compensate for impaired
IFN-y signaling. It has been reported that lung ILC2sregs the IFN-receptor, IFNGR1,

but not type | IFN receptor, IFNARY: ** Nonetheless, IFNAR1 expression can be induced
by IL-2 in culture?® Therefore, the lack of IFNAR1 receptor expressimy account for the
inability of lung ILC2s to respond to type | IFNs the absence of IFiin vivo, but notin
vitro. Mechanistically, IFNy did not inhibit phosphorylation of p38 and ERK{lbof which
have been shown to play prominent roles in ILC2iferation and cytokine productiof’ >
but increasedocsl mMRNA level in a STAT1-dependent manner. A previsugly has shown
that knockdown o$ocsl enhanced mRNA and protein expression levels dfdland IL-5 in
ILC2s, suggesting a limiting role for this protéitHence, socs1 may play a role in [FyN-
mediated suppression.

We also demonstrate the therapeutic efficacy obtwteria-derived microparticle
MIS416 in both mouse and human ILC2s. Immune-maaifyreatments that mimic
infection with natural pathogens have attractedhrattention from researchers, leading to
the development of virus-like particles such as @iGA-containing QbG10 as a possible
treatment strategy for asthrffagiven that free CpG ODNSs result in non-specifitesi
effects®* Despite showing promising results in treatinggras with mild-to-moderate
asthma, QbG10 failed to show efficacy in treatinaderate-to-severe asthma, and this was
attributed in part to its subcutaneous route oiveéey.** **Here, we show that intranasal
administration of MIS416 effectively prevented ajlen-induced AHR and eosinophilia, and
suppressed lung ILC2 expansion through similar raeigms as CpG A. This result

highlights the feasibility of local administrati@h microparticle formulation, which is less



502 invasive than subcutaneous injection and allowslii@ct targeting of the lung mucosal

503 surfaces, as an alternative strategy to delivetebat DNA.

504 When administered intranasally, MIS416 was foundddaken up primarily by AMs,
505 and to a lesser extent, cDCs and pDCs. This ism&tpected, given that AMs are the first
506 line of phagocytic defense in the lower airwa&yand that they are approximately 50 times
507 more numerous than pDCs and cDCs. However, AMsatlexpress TLR$? and therefore
508 cannot be activated by bacterial DNA. We observenhall population of MIS4T6pDCs,

509 followed by cell expansion on day 3 post-treatm@ve. interpret these data as resident pDCs
510 responding initially to phagocytosed MIS416, whibkn trigger an altered systemic immune
511  cell trafficking orchestrated by type | IFN-depentlautocrine and paracrine innate signaling
512  and amplification of IFN¢ signaling pathway. This leads to asynchronous gésim

513 individual cell subset number during the coursehefMIS416 response. Despite the poor
514  phagocytic property of pDCs, we show that they itggatoduce IFNe. when exposed to

515  MIS416invitro. This data is in agreement with findings on tharelsterization of MIS416

516 mechanism of action in human leukocyte3his study demonstrated that MIS416-induced
517 IFN-a was mostly derived from pDCs, despite showing loM&S416 uptake compared to
518 other blood phagocytes, such as monocyte DCs amdbeygtes. Furthermore, this activity

519  was blocked by chloroquine, an endosomal/lysosamhabitor known to inhibit TLR9

520  signaling®® underscoring the importance of TLR9 activationhese cells.

521 Finally, we demonstrate that MIS416 strongly suppeel human 2 responses based
522 on PBMC cell-based assay. By performing adoptiaedfer of PBMC into NSG mice, we

523  provide evidence that MIS416 also suppressed huht@® expansion in response to IL-33.
524  These findings, along with the fact that MIS416aielly induces a robust type I/Il IFN

525 response in humari§jndicate that this pathway is conserved betweensmand human.

526  This study thus demonstrates that immune moduldtyolIS416 may offer an easily
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administered treatment option for asthma. ImpolyamMIS416 may offer an advantage over
currently prescribed corticosteroids, since by cangon, MIS416 acts upstream of
inflammatory cell signaling rather than directly pathway signaling intermediates.
Moreover, the outcome from a recent phase 2b hunarfior secondary progressive
multiple sclerosis (SPMS) patients further substées the previously established safety
profile of M1S416°%° ¢’

In conclusion, our study highlights the role ofalergen-independent, innate immune-
driven effector function triggered by TLR9 signgjiwhich robustly counteracts the rapidly
activated ILC2s through NK cell-derived IFNNotably, IFNy is the effector cytokine
mediating the suppressive effects of both TLR9 &isnand type | IFNs cannot compensate
for impaired IFNy signaling. From the therapeutic standpoint, we a@estrate the potential
therapeutic utility of microparticle-based formudet for local delivery of TLR9 agonists as a
means to overcome the limitations associated viliracandidate TLR9 based therapeutics

and their lack of target cell specificity.
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732 FIGURE LEGENDS

733

734  Figure 1: CpG A suppresses IL-33-induced AHR and type 2 inflammation independent
735  of adaptive immunity

736 A, Schematic diagram of CpG A treatment (5 pg) inLBA (B-F) or RagZ"' mice G-J)
737  treated with 0.1 pg IL-33 through the intranasal.)iroute.B, Lung resistance of BALB/c
738 mice in response to increasing doses of methaahdlin Total eosinophils in BALF of
739 BALB/c mice. D, IL-5 and IL-13 levels in lung homogenates of BAtBmice. E,
740 Representative flow diagram showing lung ILC2 pagioh (Lin STZ ICOS GATA3"
741  CD127) from BALB/c mice, gated from viable CD4%ells. Representative histograms are
742 shown, whereby grey solid lines: Isotype-matchedtrod and blue solid lines: Antibody
743  staining.F, Total number of lung ILC2s from BALB/c mice, assed as irE. G, Lung
744  resistance ofRag2” mice in response to increasing doses of methaehokh Total
745  eosinophils in BALF ofRag2” mice. |, Total number of lung ILC2s frorRag2’ mice,
746  assessed as iB. J, Representative flow diagram showing lung IL-18-5" ILC2s from
747  Rag2’ mice, gated as viable CD4%in" STZ cells.K, Percentage of IL-I3IL-5" ILC2s,
748  assessed as ih Data are presented as means = SEMs of 2 or pémdient experiments (n =
749  4-7 each). P<0.05, *P<0.01 and ***<0.001.

750

751  Figure 2: CpG A induces IFN-y production by NK cells in a type | 1FN-dependent
752 manner

753  A-B, C57BL/6 mice received 5 pg CpG A intranasally aadrificed at the indicated time
754  points. IFNe, IFN-y (A), and IL-12 (p40 and p70 formBJ) levels in BALF.C, IFN-y level
755 in BALF of mice treated with 500 pg anti-IFNAR1 control IgG antibody (Ab) and CpG A

756 (5 png).D, IFN-a level in the supernatant of BM-pDCs treated withM CpG A for 24



757  hours.E, IFN-y level in BALF of mice treated as @, but with 500 pg anti-PDCAZE, IFN-

758 vy level in BALF ofRag2”” andRag2/112rg” mice after 24 hour treatment with CpG AuG).

759  G-H, Representative flow diagram showing IFN(G) and CD69 (H) NK cells (NK1.T T-

760 bef Eome3) after treatment as iR. |, Representative flow diagram showing IFNand
761 CD69" NK cells after treatment as i@. For histograms, grey solid lines: Isotype-matched
762  control whereas blue solid lines: Antibody stainidd<, Total IFN+" (J) and CD69 (K) NK

763  cells, assessed aslinData are shown as means + SEMs of 2 independeetiments (n =
764  4-5 each)n.s., Not significant. P<0.05, **P<0.01 and ***P<0.001 (* denotes statistical
765  significance for IFNy and IL-12p407 denotes statistical significance for IFi)-

766

767  Figure3: CpG A-mediated inhibition is | FN-y-dependent

768 A, Schematic diagram showing the treatment protémohlnti-IFN-y neutralizing antibody
769  (250pug) or control IgG antibody (Ab) and CpG A ((§) in BALB/c mice exposed to Oyg

770  IL-33 (i.n., intranasal; i.p., intraperitonedd, Lung resistance in response to increasing doses
771 of methacholine.C, Total eosinophils in BALF.D, IL-13 and IL-5 levels in lung
772 homogenates of mic&, Total number of lung ILC2s, assessed as in Figlre=-G, Ifng”

773  mice were treated with CpG A and IL-33 as in Figii#e F, Total eosinophils in BALFG,

774  Total number of lung ILC2s, assessed as in Fig&reData are presented as means £ SEMs
775  of 2 independent experiments (n = 4-6 eaaly, Not significant. P<0.05, **P<0.01 and
776  *** P<(0.001.

777

778  Figure 4: IFN-y inhibits ILC2 proliferation and cytokine production in a STAT1-

779  dependent manner

780  ILC2s sorted from the lungs of IL-33-treated wiljgpé (WT) orSatl” mice were treated

781  with 10 ng/mL IL-33 in the absence or presence Of lp/mL IFNy at the indicated



782  concentrations for 48 hours unless specified otlserwAll cultures contained IL-2 and IL-7
783  (Both at 10 ng/mL)A, Proliferation of WT ILC2s, assessed by CFSE dtelay treatment.
784 B, IL-13 and IL-5 levels in culture supernatants WiT ILC2s. C, Representative flow
785  diagram showing propidium iodide (Pl) and annexipdsitive WT ILC2sD, Fold change in
786  MFI of phosphorylated Akt, ERK, JNK, and p38 in WOC2s after 10-min treatmenE,
787  Fold change in MFI of phosphorylated STAT1 in WTCRs after 10-min treatmerft, IL-13
788 and IL-5 levels in culture supernatants of WT &matl” ILC2s. G, socsl mRNA expression
789  in WT andSat1” ILC2s after 6-hour treatment. Data are shown asn®ie: SDs from 1 of 3
790 independent experiments (n=3 wells) with consistiglings.n.s., Not significant. £<0.05,
791  **P<0.01 and ***P<0.001 (compared with IL-33-treated group).

792

793  Figure 5: ILC2-intrinsic and extrinsic STAT1 is required for the suppressive effect of
794 CpGA

795  A-D, Satl” mice were treated with 5g CpG A and 0.1ig IL-33 as in FigurdA. A, Lung
796  resistance in response to increasing doses of otethiae.B, Total eosinophils in BALFC,
797  Total number of lung ILC2s, assessed as in FigigeD, IL-13 and IL-5 levels in lung
798  homogenates of micé&, IFN-a and IFNy levels in BALF of C57BL/6 andXatl’ mice
799 treated with 5ug CpG A and sacrificed 24 hours latér.Schematic diagram showing CpG A
800 (5ug) and IL-33 (0.1ug) treatment in recipient CD45.1 mice following atlee transfer of
801 ILC2s sorted from C57BL/6 (WT) oftatl’ mice (i.t., intratracheal; i.n. intranasaf},
802 Representative flow diagram showing WT &&at1” donor ILC2s (gated as viable CD45.2
803 GATA3" cells) from mice treated as B Representative histograms are shown, whereby
804 grey solid lines: Isotype-matched control and bkaid lines: Antibody stainingH,
805 Representative flow diagram showing IL-13- and Hpt®ducing donor ILC2s (gated as

806 viable CD45.2 cells) from mice treated as iR. I, Percentage of IL-I3IL-5" ILC2s,
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assessed as . Data are shown as means + SEMs from 2 or 3 inukpe experiments

(n=4-8).n.s,, Not significant. <0.05, *P<0.01 and ***<0.001.

Figure 6. Myeoid-specific MIS416 inhibits IL-33-mediated AHR and lung
inflammation in a TLR9 and | FN-y-dependent manner

A-B, Representative flow diagram showing the kinettMIS416 uptake by myeloidA()

and lymphoid B) cells in the lungs of BALB/c mice on days 1, 3ida5 after MIS416
treatment, assessed as in FigEiB. Representative histograms are shown, whereby grey
solid lines: Isotype-matched control and blue sthées: Antibody staining. (AM: Alveolar
macrophages, IM: Interstitial macrophages, cDC: v@ational dendritic cells, pDC:
Plasmacytoid dendritic cellsE, Absolute number of DCs (pDCs and cDCs), macrogbag
(AMs and IMs), and monocytes, assessed as in Figeige D-E, BALB/c mice were treated
as in FigurelA, with 50 ug MIS416 or eMIS416 being used in replacement 0@ D,
Lung resistance in response to increasing dosewethacholineE, Total eosinophils in
BALF. F-H, BALB/c mice were treated as in Figu3a, with MIS416 (50ug) being used in
replacement of CpG A, Lung resistance in response to increasing dosesethacholine.

G, Total eosinophils in BALF.H, Representative images of H&E- and PAS-stained
histologic sections of the lungs of micgdle bars = 200um). Data are shown as means *
SEMs of 3 independent experiments (n=7-9 eatk). Not significant. P<0.05, **P<0.01

and ***P<0.001.

Figure7: M1S416 suppresses A. alternata-induced AHR and type 2 inflammation
A, Schematic diagram of MIS416 (50 ug) pre-treatmertt post-treatment regimens via
intranasal (i.n.) delivery iA. alternata (5 ng) model of airway inflammation in BALB/c

mice. B, Lung resistance in response to increasing do$emeaihacholine.C, Total
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eosinophils in BALF.D, IL-5 and IL-13 levels in lung homogenates of mide,
Representative flow diagram showing lung ILC2 pagioh (Lin Thyl.Z STZ ICOS),
gated from viable CD45cells. F, Total number of lung ILC2s, assessed ag.rData are
shown as means = SEMs of 2 independent experim@gnts-8 each).** P<0.01 and

*** P<0.0001.

Figure 8: M1$416 inhibits type 2 cytokine production by human PBMCs and human
ILC2 expansion

A, IL-13 and IL-5 levels in the supernatants of PBM@om 3 healthy donors) treated with
50 ng/mL IL-33 in the presence or absence of MIS4fiéhe indicated concentratior,
Schematic diagram showing IL-33/IL-2/IL-7 (500 ngch) and MIS416 (50 pg) treatment in
NSG mice following adoptive transfer of PBMCs frdmaalthy donors (i.n., intranasal; i.p.,
intraperitoneal; i.v., intravenousy, Representative flow diagram showing human ILC2
population (CD45 Lin® CD127 CRTHZ) in the lungs of NSG miceD, Percentage of
human ILC2s in the lungs per mouse. Data are slasameans + SDs (n = 3 wells) #arand

means +SEMs (n=4) fdd. n.s,, Not significant. <0.05, *P<0.01 and **<0.0001.
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Figure 6
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Figure 7
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Figure E3
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METHODS

Collection of bronchoalveolar lavage fluid (BALF)

Mice were tracheotomized and BALF was collectednsyilling 1 mL PBS supplemented
with 2% fetal calf serum (FCS) (HyClone, Logan, UPBS/2% FCS) through the tracheal
cannula, followed by aspiration and a second lawdigkee same volume. BALF was pooled
and pelleted by centrifugation at 40@ %or 5 min. BALF cells were resuspended in PBS/2%
FCS and fixed onto cytospin slides via centrifugiatiSlides were stained with Diff-Quik

solution (Polysciences Inc, Warrington, PA) and BAdifferential cell count was performed.

Antibodies, cytokines and reagents

All antibodies were obtained from Biolegend unlsgscified otherwise. The following
antibodies were used for flow cytometry stainingmfrine samples at 1:400 dilution, unless
specified otherwise; C33145-2C11), FeRl (MAR-1), CD49b (DX5), CD11c (N418),
CD11b (M1/70), F4/80 (BM8), CD127 (A7R34; 1:100D (6D5), Ly6G (1A8; 1:200),
ST2 (DIHY; 1:200 dilution), B220 (RA3-6B2; 1:200ution), PDCAL (927; 1:200 dilution),
CD45 (30-F11), CD45.1 (A20), CD45.2 (104), NK1.K(B6), ICOS (c398.4A; 1:200
dilution), CD127 (A7R34; 1:100 dilution), CD4 (GKgt.1:200 dilution), IFNy (XMG1.2;
1:50), and GATA3 (16E10A23; 1:20 dilution). ThyX53-2.1), CD69 (H1.2F3; 1:200
dilution), Thet (eBio4B10; 1:50 dilution), Eomesgil1mag; 1:100 dilution), IL-13
(eBio13A; 1:50 dilution), and IL-5 (TRFKS5; 1:50 diion) were purchased from eBioscience
(San Diego, CA). Siglec F (E50-2440; 1:200 dilujimras purchased from BD Biosciences
(Mountain View, CA). Human ILC2s were stained wiitie following antibodies at 1:20
dilution, unless specified otherwise; Human lineagektail (CD3, CD14, CD16, CD19,

CD20, CD56), FeRI (CRA1), CD3 (HIT3a), TCR (IP26), CD45 (HI30), CRTH2 (BM16),
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and CD127 (A019D5) (eBioscience). Fluorochrome-ggajed fixable viability dye (FVD)
and Ki-67 were purchased from eBioscience. Moustg-(2D16/32) and human TruStain
FcX (Fc blocking solution) were purchased from Bggnd. Recombinant mouse IL-33 and
IL-2 were purchased from Biolegend whereas recoariimouse IL-7 was obtained from
Peprotech (Rocky Hill, NJ). Recombinant human ILaB®@l IL-7 were purchased from
Biolegend whereas IL-2 was purchased from eBioseieAnti-mouse IFM (XMG1.2), anti-
PDCAL (BST2) and anti-IFNAR1 (MAR1-5A3) and wererghiased from BioXcell (West
Lebanon, NH). Phorbol 12-myristate 13-acetate (PiAJ ionomycin were obtained from
Sigma-Aldrich (St Louis, MO). Brefeldin A, Annexwi Apoptosis Detection kit, and BD
Cytofix/Cytoperm™ kit were purchased from BD Biamutes. Foxp3 Transcription Factor
Staining kit was purchased from eBioscience. Caythaarescein succinimidyl ester (CFSE)

was purchased from Cayman Chemical (Ann Arbor, Ml).

Lung sample processing for flow cytometry

Whole lungs were minced and incubated in DMEM medaontaining 0.1% (vol/vol)

DNase | (Worthington Biochemicals, Lakewood, NJJ &6 mg/mL collagenase IV
(Worthington Biochemicals) for 40 min at 37°C. Ties were then filtered through a {o+
mesh to obtain single cell suspensions. Red bletid were removed using ACK lysing
buffer (Gibco Laboratories, Grand Island, NY) amthke cell suspensions were resuspended

in the appropriate buffer for further processing.

Flow cytometry
For surface staining, single-cell suspensions Wesestained with FVD, followed by pre-
incubation with anti-mouse CD16/32 or anti-humanStain FcX blocking antibody. Cells

were then stained with the appropriate surfacédadies. For intracellular cytokine staining,
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single cell suspensions from the lungs of mice veéiraulated with 100 ng/mL PMA, 1
ug/mL ionomycin, and 1 pg/mL Brefeldin A in DMEM f@rhours. After surface staining,
cells were fixed and permeabilized with BD Cytofiytoperm solution, and further stained
intracellularly with anti-mouse IL-13, IL-5, or IFN For Ki-67 and transcription factor
staining, Foxp3 staining buffer set was used ac¢ogrth the manufacturer’s instructions. For
detection of apoptotic cells, cells were stainddgi®&nnexin V Apoptosis Detection kit
according to the manufacturer's recommendationterAtaining, cells were washed and
resuspended in PBS/2% FCS and analyzed by flowrmfity. Data were acquired on LSR |l

(BD Biosciences) and analyzed with FlowJo v.10fivere (TreeStar).

InvitroILC2 culture

Freshly sorted lung ILC2s were cultured as previodsscribed, with modifications.

Briefly, ILC2s were expanded for 6 days in RPMI @&upplemented with 10% FBS, IL-33,
IL-2, and IL-7 (all at 10 ng/mL). Cells were restied 3 days in complete RPMI 1640

medium supplemented with IL-2 and IL-7 (both atndmL) prior to each experiment.

CFSE labelling
For CFSE labelling, cultured ILC2s (1.5 x*t@lls/well in 150uL of culture medium) were

incubated with 5 uM CFSE for 5 days according ®srttanufacturer’s protocol.

Bone marrow-derived plasmacytoid and conventional DCs

pDCs and cDCs were derived from bone marrow (BN @ previously describéd® with
modifications. In brief, BM cells were culturedRPMI 1640 medium containing 200 ng/mL
hu-Flt3 ligand for 9 days at a density of 1.5 X ¢6élIs/well, in 6-well plates. DCs were

harvested by collecting non-adherent cells. DC®werted into CD11dB220° CD11b
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(BM-pDCs) and CD11¢cB220CD118" (BM-cDCs) subsets (purity > 95%) and cultured in

RPMI 1640 medium.

Adoptivetransfer of ILC2sinto CD45.1 mice

Lung ILC2s were sorted from WT &atl” mice and expanded for 4 days in RPMI 1640
medium supplemented with IL-2, IL-7, and IL-33 (@ll10 ng/mL), followed by 3-day rest in
RPMI 1640 medium containing only IL-2 and IL-7 (batt 10 ng/mL). Cells were adoptively
transferred into CD45.1 mice through the intratesttioute at a density of 1 x°.0
cells/mouse, 6 hours prior to the first intranadéb416 treatment. MIS416 was administered
1 day and 30 min before the first intranasal ILt&&tment. IL-33 was administered daily for
3 days and mice were sacrificed 24 hours aftela$tellL-33 treatment. BALF cells were

collected and analyzed by flow cytometry.

L ung histology

Lungs were fixed with 4% formaldehyde (Merck, Daraals, Germany) and gradually
dehydrated with 30%, 50%, and 70% ethanol (J.TeBakungs were embedded in paraffin
and stained with hematoxylin and eosin (H&E) ongaic acid-Schiff (PAS) stain. Images

were acquired with an Olympus CX31 microscope (QysCorp, Tokyo, Japan).

Preparation of lung homogenate for EL1SA

Whole lungs were minced and homogenized by sooitcatith Bioruptor® Plus (Diagenode,
Liege, Belgium) in protein lysis buffer (containia§ mM HEPES HCI, pH 7.4, 150 mM
NaCl, 1 mM CaCJ, 1 mM MgCb, 1% NP-40, 0.5% sodium deoxycholate, 1x protease

cocktail inhibitor, and 1x phosphatase inhibitdrarid IIl). Lung lysates were obtained by
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centrifugation at 20,006 for 30 min at 4°C and quantified using BCA protassay kit

(Thermo Fisher Scientific, Waltham, MA).

ELISA

IFN-a, IFN-y, IL-13, and IL-5 concentrations in either cultsigernatants of murine or
human ILC2s (7.5 x Tcells/well in 15QuL of culture medium in triplicates), lung
homogenates or BALF of mice were determined usingE kits from Biolegend, with the
exception of mouse IL-13 (eBioscience). Cytokinesls in lung homogenates were

presented as amount of cytokines per mg of toteg frotein.

Quantitativereal-time PCR (gPCR) analysis

Total RNA fromcultured ILC2s (1 x 1%cells/well in 1 mL of culture medium in triplicafes
was extracted using Quick-RNA MicroPrep (Zymo Research, Irvine, CA). Qug of
cDNA was synthesized using the High-capacity cDM@erse transcription kit (Applied
Biosystems, Foster City, CA), and qPCR was perfdrore TOptical 96 real-time PCR
thermal cycler (Biometra, Gottingen, Germany). Rieas were run in triplicates and
samples were normalized to GAPDH expression andesspd as fold change relative to

control.

Multiplex beads assay analysis

Phosphorylation of Akt (pS473), ERK (pT185/pY18MK (pT183/pY185), p38
(pT180/pY182) and STATL (Tyr701) in ILC2 cultureX2( cells/well in 2 mL of culture
medium) was analyzed using MILLIPLEX® MAP kit (Milore) according to the

manufacturer’s instructions. Data were acquirethenBioplex® Suspension Array System



149  (Bio-Rad Laboratories, Hercules, CA), and analyzsidg the Bioplex Managgf 6.1

150 software.



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

FIGURE LEGENDS

Figure E1: Ctrl ODN doesnot inhibit IL-33-induced AHR and type 2 inflammation

BALB/c mice were pre-treated with ctrl ODN (5 pug)ge to intranasal administration of 0.1
pg IL-33, as in FigurelA. A, Lung resistance in response to increasing doses of
methacholineB, Total eosinophils in BALFC, Total number of lung ILC2s, assessed as in
Figure 1E. D, IL-5 and IL-13 levels in lung homogenates of micBata are presented as

means + SEMs of 2 independent experiments (n =®8eh).n.s., Not significant.

Figure E2: CpG A induces | FN-a and | FN-responsive mRNA expression

(A-E) C57BL/6 mice received 5 pg CpG A intranasallydaty O and sacrificed at different
time points as indicatedfna (A), Cxcl10 (B) Ccl2 (C), Mx1 (D) and Ifitl (E) mRNA
expression in the lungs of mice after treatmentalzae presented as means + SEMs of 2
independent experiments (n = 6-7 eaamk, Not significant. <0.05, *P<0.01 and

*** P<0.0001.

Figure E3: Alveolar macrophages are dispensable for the suppressive effect of M15416

A, MIS416 structureB, Gating strategy for myeloid cell subsets; AMs (CD456G
CD11c¢ Siglec F), IM/monocytes (CD45Ly6G Siglec F CD11¢ F4/80), pDC (CD45
F4/80 B220" PDCAT) and cDC (CD45 F4/80 B220 PDCAI CD11¢ CD11Bb) and
lymphoid cell subsets; T cells (CD48D3"), B cells (CD45CD19"), and NK cells (CD45
CD3 NK1.1%). Non-hematopoietic cells are defined as CDéélls. All subsets are gated
from viable cells.C, Representative flow diagram showing AM populat{@D45 Ly6G
CD11c¢ SigF) in BALF of mice 48 hours after treatment with RB®some (vehicle) or
clodronate liposome (250 pgp-E, BALB/c mice were given 250 pg/mouse of PBS-

liposome (vehicle) or clodronate liposome, 3 dagd & hour before MIS416 treatment.
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MIS416 and IL-33 were administered as in Figuwk, with MIS416 being used in
replacement of CpG AD, Lung resistance in response to increasing dosggethacholine.
E, Total eosinophils in BALF. Data are presentednsmans + SEMs of 2 independent

experiments (n = 3-5 eaclms., Not significant. £<0.05, **P<0.01 and ***P<0.0001.

Figure E4: M13416 does not act directly on ILC2s

A, Representative flow diagram showing MIS416 uptakél C2s (CD3 CD4 Thyl.Z

STZ) from BALB/c mice treated with 50 pg of AF488-MIS& for 1, 3, or 5 days. Grey
solid lines: Isotype-matched control and blue sbiids: Antibody stainingB-D, ILC2swere
sorted from the lungs of IL-33-treat®dg2’™ mice and cultured with 10 ng/mL IL-33 in the
absence or presence of 2@ mL MIS416.All cultures contained IL-2 and IL-7 (Both at 10
ng/mL). B, Proliferation of ILC2s, assessed by CFSE aftar4-day treatmentC, 1L-13
and IL-5 levels in the supernatants of cultured2k@fter 48-hour treatmem, 1113, 115, 119
andAreg mRNA expression after 6-hour treatment. Data hosve as means + SDs from 1

of 3 independent experiments%£ 3 wells) with consistent findinga.s., Not significant.

Figure E5. MIS416-mediated inhibition is dependent of TLR9 but independent of
adaptive immunity

A-C, TIr9" mice received 5Qg MIS416 and 0.hg IL-33 as in FigurelA, with MIS416
being used in replacement of CpG A\. Lung resistance in response to increasing dokes o
methacholineB, Total eosinophils in BALFC, Total number of lung ILC2s, assessed as in
Figure1E. D-F, Rag2” mice received 5Qg MIS416 and 0.1.g IL-33 through the intranasal
route A. D, Lung resistance in response to increasing dosesiathacholine.E, Total

eosinophils in BALF.F, Total number of lung ILC2s, assessed as in FigireData are
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presented as means = SEMs of 3 independent expd#san{ie = 5-8 each)n.s, Not

significant. ***P<0.001.

Figure E6: M1$416 inhibits 1L C2 accumulation and type 2 cytokine production

BALB/c mice received 5@g MIS416 and 0.1.g IL-33 through the intranasal (i.n.) route as
in FigurelA, with MIS416 being used in replacement of CpGAAIL-5 and IL-13 levels in
lung homogenates of micB, Representative flow diagram showing lung ILC2 yapon
(Lin" STZ IL-13" IL-5%), gated from viable CD45cells. C-D, Total number of lung ILC2s
(Lin” STZ) (C) and percentage IL-13L-5" ILC2s (Gated from LinSTZ cells) D) per
mouse, assessed asBn E, Representative images of H&E- and PAS-stainetbloigic
sections of the lungs of mic&dale bars = 200um). Data are shown as means + SEMs of 2

independent experiments (n = 6 eac®<®.05 and ***P<0.0001.

Figure E7: M$416 induces | FN-y production by NK cellsthrough pDC-derived | FN-a
A-B, BALB/c mice received 5Qg MIS416 intranasally and sacrificed at the indddaime-
points. IFNe (A) and IFNy (B) levels in lung homogenates of mi€&.IFN-a level in the
supernatant of BM-pDCs and BM-cDCs treated with 86 for 24 hours at the indicated
concentrationdD, IFN-a level in lung homogenates of BALB/c mice receivb@Dug anti-
PDCAL or control IgG antibody (Ab) intraperitongal24 hours and 30 min prior to MIS416
treatment (5Qug). Mice were sacrificed 24 hours latet.IFN-y level in lung homogenates of
BALB/c mice receiving 50@ug anti-IFNAR1 or control IgG Ab and MIS416 asinF-G,
IFN-y level in lung homogenates Bag2” (F) andRag2/112rg” (G) mice receiving MIS416
as inA. H, Representative flow diagram showing IFNNK cells (Gated as NK11T-bef

Eomes3), gated from viable CD45CD3 cells.l, Total IFNy" NK cells, assessed askh
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Data are presented as means + SEMs of 3 indepeexieetiments (n = 5-6 eaclm)s., Not

significant. #<0.05, **P<0.01 and ***<0.001.
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