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GSDMB and its splice variant in epithelial cell pyroptosis
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ABSTRACT

Background: Genetic variants in the chromosomabrefj7q21 are consistently associated with
asthma. However, mechanistic studies have noinjad any of the associated variants to a
function that could influence asthma, and as altighe identity of the asthma gene(s) remains

elusive.

Objectives: We sought to identify and charactefuzestional variants in the 17921 locus.
Methods: We used the Exome Aggregation ConsortlExAC) browser to identify coding

(amino acid-changing) variants in the 17921 lods.obtained asthma association measures for
these variants in both the GERA cohort (16,274<asel 38,269 matched controls) and the EVE
Consortium study (5,303 asthma cases and 12,560doéls). Gene expression and protein
localization were determined by quantitative RT-P&R fluorescence immunostaining,
respectively. Molecular and cellular studies wesgfgrmed to determine the functional effects

of coding variants.

Results: Two coding variants (rs2305480 and rs12P8Bof the gasdermin B5SDMB) gene in
the 17921 locus were associated with lower asthskarr both GERA (OR =0.92; P=1.&1

10°) and EVE (OR= 0.85; Jointk: = 1.31x10"%). In GERA, rs11078928 had a minor allele
frequency (MAF) of 0.45 in unaffected (non-asthmmiationtrols and 0.43 in asthma cases. For
European Americans in EVE the MAF of rs2305480 @&$ for controls and 0.39 for cases; for
all EVE subjects the MAF was 0.32 for controls &2i7 for casesSsSDMB is highly expressed

in differentiated airway epithelial cells, includithe ciliated cells. We found that when the
GSDMB protein is cleaved by inflammatory caspase-klease its N-terminal fragment, potent

pyroptotic cell death was induced. The splicingasatrrs11078928 deletes the entire exon 6,



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

which encodes 13 amino acids in the critical N-iaus, and abolishes the pyroptotic activity of

the GSDMB protein.

Conclusions: Our study identified a functional aséhvariant in th&SDMB gene of the 17921

locus and implicates GSDMB-mediated epithelial pghoptosis in pathogenesis.

Key M essages

» Multiple coding variants in the gasdermin B3DMB) gene in the 17921 locus are
associated with reduced asthma risk.

» GSDMB gene is highly expressed in the ciliated airwayhefial cells and encodes a
protein with the ability to induce cell pyroptosis.

* A splicing variant (rs11078928) BSDMB skips an essential exon from the transcript

and abolishes the pyroptotic activity of the GSDRlBtein.

Capsule Summary

This study identified and characterized a functi@sthma variant in th&SDMB gene in
epithelial cell pyroptosis, providing potential mbwmechanistic insights into asthma

pathogenesis.
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Abbreviations used

ALI: air-liquid interface

BEBM: bronchial epithelial basal media

DMEM: Dulbecco's Modification of Eagle's Media
EXAC: Exome Aggregation Consortium

FACS: fluorescence activated cell sorting

GERA: Genetic Epidemiology Research in Adult Healtlol Aging
GSDMA: Gasdermin A

GSDMB: Gasdermin B

GSDMD: Gasdermin D

GWAS: genome-wide association study

HBE: human bronchial epithelial

HEK293T: human embryonic kidney 293T

KPNC: Kaiser Permanente Medical Care Plan, Nort@aiifornia Region
LD: Linkage disequilibrium

LDH: lactate dehydrogenase

MAF: minor allele frequency

NHBE: normal human bronchial epithelial

OR: odds ratio

PAR: population attributable risk

QC: quality control

gRT-PCR: quantitative real-time polymerase chaattien
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93  SNP: Single nucleotide polymorphism

94  Th2: type-2 helper T-cell
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INTRODUCTION

Asthma is a common chronic lung disease affectireg 800 million people worldwide
and 8% of the U.S. populatitiThe annual cost of asthma in the US alone is o®diilion
dollars, placing a significant burden on the hezltk systef® Despite the increasing
prevalence, morbidity and economic burden of tisealie, the molecular basis of asthma

remains poorly understood.

While asthma is heterogeneous clinicalind its prevalence and severity vary among
racial/ethnic group’s genetic studies including genome-wide associattodies (GWAS) have
identified many genomic loci that are significardlysociated with asthnfid’. Many asthma-
associated genes identified by GWAS are knowndalege cellular phenotypes directly relevant
to asthma pathogenesis. For exarti38 and its receptdiL1RL1 regulate the Th2 (type 2
helper T-cell) immune response, which directly cdttes to airway inflammation and asthma

pathogenesi§" 2

GWAS have also identified genetic loci with lessatl mechanistic links to asthma, most
notably, the 17921 locus, which is the strongestranst reproducible asthma GWAS sighaf.
Many single nucleotide polymorphisms (SNPs) in tbaus that are in linkage disequilibrium
(LD) with each other have been associated withnagtim diverse and independent populations,
and appear to be specific to childhood-onset asthtra**® The 17921 locus spans a region
containing at least 6 gend&¥ZF3, ZPBP2, GSDMB, ORMDLS3, LRRC3C andGSDMA), and
because most asthma-associated SNPs are in itramtgrgenic regions, it is not clear which
gene(s) is functionally related to asthma Expoesguantitative trait loci (eQTL) studies have

found that 17g21 SNPs are associated with mRNAession levels cDRMDL3 > 1719
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GSDMA*'", andGSDMB *°, which prioritizes these genes for functional &adbut still leaves

unclear which one modifies asthma risk and how.

In this study, we sought to identify potential ftinoal variants in the 17q21 region.
Rather than begin with SNPs as ranked by GWAS omaded on SNPs that could alter protein
coding. Subsequently, we prioritized which of th&&&s would most likely contribute to
observed 17921 association signals by obtaining GW&sults from two large asthma cohorts.
We found that a splicing variant 8SDMB that was nominally associated with lower risk of
asthma causes the deletion of an important exan fh@ GSDMB transcript and consequently
abolishes the ability of the GSDMB protein to indyxyroptotic death of airway epithelial cells.
Thus, thisGSDMB splicing variant may reduce asthma risk by pratgchirway epithelial cells

from pyroptotic cell death.

METHODS
Primary study population

The Genetic Epidemiology Research in Adult Healtth Aging (GERA) cohort, which
comprises 110,266 adult men and women membersdfdiser Permanente Medical Care Plan,
Northern California Region (KPNC), has been desxctiim detail in dbGAP
(http://ncbi.nim.nih.gov/gap; Study Accession: pdR674.v1.pl). In this study, we focused on
subjects (16,274 cases and 38,269 matched contrbtsyvere at least 21 years of age at time of
the survey, of non-Hispanic white race/ethnicityd avho had self-reported or physician-
diagnosed asthma. All study procedures were apgrbyehe Institutional Review Board of the

Kaiser Foundation Research Institute and Brighadh\@omen’s Hospital.
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Genotyping and imputation

DNA samples were extracted using Oragene kits (0¢Aotek Inc., Ottawa, ON,
Canada) at KPNC and genotyped at the Genomics Eamiéty of the University of California,
San Francisco (UCSF). Design details and genome-oogierage of those arrays have been
previously describetf’ ?* High genotype quality control (QC) procedurestfer GERA cohort
were performed on an array-wise basis as desciibeetail elsewher& Using strict QC
criteria, including initial genotyping call rate97%, allele frequency difference .15)
between males and females for autosomal markeldsy@motype concordance rate (> 0.75)
across duplicate genetic markers, around 94% opkesnand more than 98% of genetic markers
assayed passed the QC procedtfr&sior to imputation, we additionally excluded géne

markers with a minor allele frequency (MAF) < 1% aogenotype call rate < 90%.

Imputation was conducted on an array-wise basifowing the pre-phase of the
genotypes with Shape-IT v2’8genetic markers were imputed from the cosmopotitéerence
panel 1000 Genomes Project (phase | integratedse)jaising IMPUTE2 v2.34%° As a QC
metric, we used the infid from IMPUTE2, which estimates the correlation betw the true and
imputed genoty®. We reported imputed markers with info-metfic: 0.9 and MAR> 1%; alll
reported genotyped markers exceeded a genotypetzi 98%, and a P-value0.001 for

Hardy-Weinberg equilibrium deviation.
Genetic association analyses

We obtained results from a recently-completed GV#A&sthma in the GERA cohdft
Briefly, a case-control GWAS was conducted to itigate the association of 7,230,512
common (MAF > 5%) genotypes (genotyped and imputett) asthma status in 54,543 adult

non-Hispanic white subjects from GERA. Covariat@iated logistic regression of case-control

9



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

asthma status was performed with an additive genstdel using PLINK v.1.9 and additive
genetic model. SNP identifiers, gene and alleleotations, summary statistics and relevant
association parameters (MAF, Odds ratios, and Begdlwere obtained for the coding SNPs

investigated in this study. Population attributatdé& (PAR) was computed as follonBAR =

Pe X % wherePe is the proportion of risk allele carriers amongesa

Variant analyses in EVE

Allele frequencies for European American, Africamérican/Caribbean, and Latino
American asthma cases and controls were obtainedtfie previously published EVE
consortium asthma GWAS, along with p-values anglialbdds ratios (ORs) corresponding to
each of these racial/ethnic groups and the overalh-analysi$. To obtain PAR measures with
the same reference allele as GERA, we computedygmnérequencies for EVE cases and
controls according to Hardy-Weinberg equilibriunstdbutions®. Population attributable risk

(PAR) was computed similarly as in GERA. Analysesewperformed with R softwafé
Cell culture and transfection

Human embryonic kidney (HEK) 293T and BEAS2B celre maintained in DMEM
(Life Technologies) supplemented with 10% FBS (Hitchnologies) and 100 U/ml penicillin
and 100 pg/ml streptomycin (Life Technologies)niRiy human airway smooth muscle (ASM)
cells and normal human lung fibroblasts were olehiinom Lonza. Transfections were
performed on subconfluent cells using Turbofeatgfaction reagent (Life Technologies) for

HEK293T and Lipofectamine 3000 (Life Technologits)BEAS2B cells.

Expression constructs

10



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

Full length human GSDMB cDNA was generated by RTRAfOm RNAs extracted from
normal HBE cells in ALI. All GSDMB constructs wenmeade by cloning the cDNAs into a pEF6
vector. The pEF6 vector was digested by BamH1EwR 1. The inserts were generated using
specific primers that allowed generation of cuttsitgs for BamH1 and Mfel as the GSDMB
cDNA harbors a restriction site for ECOR1. EcoR{l Bfel generate similar cohesive ends. The
ligated products were transformed into TOP10 coemetells (Invitrogen). All restriction
enzymes were from New England Biolabs. Mutationsevirgtroduced by site-directed
mutagenesis using the QuikChange Il Kit (Agilentfrologies) and were confirmed by DNA
sequencing. Caspase-1 expression construct in pGDINA) was from Dr. Tiffany Horng
(Harvard School of Public Health). pCDNAS3.1(+) (Tim® Fisher Scientific) was used as an

empty vector control.
Air-liquid interface (ALI) culture of HBE cells

Normal human bronchial epithelial (NHBE) cells wetgained at passage 1 from the
Marsico Lung Institute/Cystic Fibrosis Center a thniversity of North Carolina, Chapel Hill
and expanded in bronchial epithelial basal mediEBH, Lonza) supplemented with bovine
pituitary extract (BPE, 5gg/ml), hydrocortisone (0.pg/ml), human epidermal growth factor
(hEGF, 25 ng/ml), epinephrine (Qug/ml), insulin (5ug/ml), triiodothyronine (6.5 ng/ml),
transferrin (1Qug/ml), gentamicin (5@g/ml), amphotericin-B (50 ng/ml), bovine serum atbn
(2.5pg/ml), and retinoic acid (50 nM). For the estdieent of ALI culture, passage 2 HBE
cells were fed with a 1:1 mixture of BEBM and Dutbe's Modification of Eagle's Media
(DMEM, Mediatech) supplemented with the same coreptsdetailed above, except hEGF (0.5
ng/ml). Briefly, cells were cultured on collagenated 12-Transwell plate (Corning) at a density

of 6 x 1d cells/cnt under submerged conditions until confluence. Medivas then removed

11



206 from the apical surface, and ALI culture was mairegd up to 21 days until needed.
207  Western blotting

208 Whole cell lysates were prepared in RIPA bufferdemented with Protease and

209  Phosphatase Inhibitor Cocktails (Roche). Clearsdths were heated in LDS buffer at 70°C for
210 10 minutes and run in SDS-PAGE gel under reducarglitions. Primary antibodies included
211  anti-GSDMB (Proteintech), anti-FLAG (Sigma), aftactin (Santa Cruz Biotechnology), and

212 anti-GAPDH (Santa Cruz Biotechnology).
213  Quantitative real-time PCR (qRT-PCR)

214 RNA from NHBE cells was extracted using the RNeasgnccording to the

215  manufacturer’s instructions (Qiagen). RNA was thererse-transcribed using using the First-
216  Strand Synthesis Kit (Life Technologies). QuanitafCR was then performed using SYBR
217  green master mix (Qiagen) with the following pris1€&eSDMB forward: 5'-

218 AAAGCGACCGGCAATATAAA, GSDMB reverse: 5-ATAGCTCAGGACCCGATTTG,

219  ACTB (B-actin) forward: 5’-CCAACCGCGAGAAGATGA, andCTB reverse: 5'-

220 CCAGAGGCGTACAGGGATAGFOXJ1 forward: 5-CTTGCCTGGTTCGTCCTTCTC-3',
221 FOXJ1reverse: 5-ATCCGCCACAACCTGTCTCT-3MUCSHAC forward: 5'-

222 GTCACATTCCTCAGCGAGGTG-3" andMUCS5AC reverse: 5'-

223 GGAACTGTGGGGACAGCTCTT-3'. The delta delta CT methods used to determine

224  relative expression. Values were normalized ag@hasitin expression.
225  Fluorescence activated cell sorting (FACS)
226 Intracellular sorting followed by RNA extraction svadapted from a previously

227  described protocdf. NHBE cells in ALI culture (day 21) were trypsieit and fixed with 4%

12



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

paraformaldehyde in PBS with RNASEout (1:100, Oikrhnologies) for 30 minutes at room
temperature. Following 2 washes with wash buff@§Rupplemented with 0.5% BSA, 0.05%
Tween-20 and 1:100 RNASEout), cells were incubatid either antip-tubulin 1V (Sigma) or
anti-MUCS5AC (Thermo Scientific) antibodies for 1urat 4°C in PBS with 1% BSA, 0.05%
Tween-20 and RNASEout (1:25). Following 3 washeth wiash buffer, cells were incubated
with secondary antibody (1:100), washed again fatlzer 3 washes and sorted by FACS (BD
FACS-Aria Sorter). RNA was then extracted usingRR-E Kit (Qiagen) and transcribed using
random hexamers in the First-strand Synthesislif (Technologies). Quantitative PCR was
performed for GSDMB using primers above and with fillowing additional primersHOXJ1

andMUC5AC) to determine whether efficient separation ofatdd or goblet cells was achieved.
Immunofluorescence staining

Immunofluorescence staining on ALI-cultured NHBHsand paraffin-embedded lung
tissue sections was performed as described prayinith some modificationd® For ALI-
cultured HNBE cells, fixation was performagsitu on inserts using 4% paraformaldehyde. For
lung tissue sections, which were received fromMiagsico Lung Institute/Cystic Fibrosis Center
at the University of North Carolina, Chapel Hilemhraffinization was performed by processing
through a series of ClearRite and ethanol solutidnsigen retrieval was performed using
10mM citrate buffer, pH 6.0. Both ALI-cultured NHBfells and lung tissue sections were
blocked with PBS supplemented with 5% normal dordeyim and 0.2% Triton X-100 for 1
hour at room temperature. Primary antibody incuipetias performed overnight diGtin PBS
supplemented with 1% BSA and 0.2% Triton X-100 gsanti-GSDMB (Abgent) and anfi-
tubulin IV (Sigma) at 1:250 dilution. Secondaryibatlies conjugated with Alexa-fluor 488 or

594 (Life Technologies) were used at 1:100 dilutbAPI| was used to label the nuclear DNA

13



251 and samples were mounted with Vectashield anti-fadenting medium (Vector Labs).
252  Confocal images were taken using Leica SPE Confdaabscope and the images were

253  processed using ImageJ.
254  Pyroptosis assay

255 CytoTox Non-Radioactive Cytotoxicity Assay (Proraggvas used to measure lactate
256  dehydrogenase (LDH) release. Conditioned media B&AS-2B or HBE cell cultures were
257  mixed with an equal volume of CytoTox96 reagent#zolium salt) and incubated for 30

258 minutes at room temperature. Stop solution was daeled and the absorbance signal was

259 measured at 490 nm using a plate reader (Spectral®®X The percent of cytotoxicity was
260 calculated by dividing the absorbance value of g@rpental LDH release by the maximum LDH

261 release obtained by complete lysis of cells udiegkit's lysis solution.
262  Statistical analyses

263 Statistical analysis for functional experimentswarformed using Student’s t-test.
264  Results presented were mean with standard ertbieahean (SEM). The differences between

265  groups were considered statistically significamR ifalue < 0.01.
266

267 RESULTS

268  Association of exon coding variantsin GSDMB with reduced asthma risk

269 The asthma-associated 17921 locus contains sigiprobding genesKZF3, ZPBP2,
270  GSDMB, ORMDL3, LRRC3C andGSDMA. We searched for all common (i.e., minor allele
271 frequency (MAF) > 5%) as well as lower frequencyXM> 1%) coding variants in these six

272 genes using the Exome Aggregation Consortium (Ex#Gyvser, which contains exome

14
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sequencing results of more than 60,000 individdale identified eight common and six low-
frequency coding variant3 éble 1 and Supplementary Table 1). Six SNPs (rs11078928,
rs2305480, rs2308479, rs16965388, rs35104165, 56024 ) were irGSDMB, four

(rs3894194, rs7212938, rs7212944, rs5603065GHDMA, three (rs11557467, rs35829084,
rs35302660) iZPBP2, and one (rs112301322) liKZF3. No common coding variant were
found iNnORMDL3 or LRRC3C. Seven of the eight coding SNPs were genotyp&ERA. Each
of these seven SNPs (rs2305480, rs11078928, rsd&35i57212944, rs56030650, rs7212938,
rs3894194) had MAF > 30% and was nominally assediatth asthma, although none reached
traditional significance threshold for genome-waignificance (P<5 x18) (Table 1). The
strongest associations with asthma were for rs230%d rs11078928 BSDMB, SNPs whose
minor alleles were associated with decreased astishiéOR = 0.92; P-values 1.01 x3and
1.32 x 10 for rs2305480 and rs11078928, respectively). Sipatt, the MAF for rs11078928
in GERA was 45% in non-asthmatic controls and 48%sthma cases with a population
attributable risk of 3.8%l{able 1), suggesting that the minor allele variant (C) rpegtect

against asthma.

We next sought to replicate thaSBDMB SNP associations in the EVE consortium,
which consisted mostly of cases with childhood baséhma (mean age of asthma onset for
cohorts ranged between 1.4 and 13.1 years; med&nfaasthma onset for cohorts ranged
between 1.0 and 8.0 year§) Although results for th&SDMB splicing variant rs11078928 were
not available in EVE, results for rs2305480, a SiNperfect LD (f=1) with rs11078928 among
European reference populatioi@sipplementary Fig. 1), were available. Furthermore, among
European reference populations, these two SNRea@Est (i.e., rs2305480 and rs11078928)

were in perfect LD @=1) with the non-coding variant rs11078927, whickswpreviously

15
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identified as the SNP most significantly associatéti asthma in EVE. Table 2 contains

results for these two SNPs of interest, along witise of one other SNP (rs2305479) with
available EVE results, each of which was associaifdreduced asthma at genome-wide
significant levels in the full EVE cohort. Assoddat results for rs2305480, the only SNP
available in both EVE and GERA, were consistenbsgicohorts.. The minor (T) allele of
rs2305480 was associated with decreased asthmalgmee with suggestive significance in both
European Americans (OR = 0.99= 8.30 x 10) and Latino Americans (OR = 0.7B;= 2.27 x
107) (Table 2). For EVE European Americans, rs2305480 MAF wd$ @or non-asthmatic
controls and 0.39 for asthmatic cases; for all EEdBorts, of rs2305480 MAF was 0.32 for
controls and 0.27 for cases. The population attaifle risks for these SNPs ranged from
approximately 12% to 16% in each of the race/ethngpecific groups of EVETable 2).
Altogether, GERA and EVE GWAS results identifiedbttightly linked common coding

variants (rs2305480 and rs1107892858DMB, whose minor alleles were nominally associated

with decreased asthma risk in multiple diverse atmns.
High expression of GSDMB in differentiated airway epithelial cells

GSDMB has been shown to be expressed in primary brarghithelium in asthmatic
lung®, and epithelium in the gastrointestinal tréctWe examined the expressionGEDMB in
primary human lung cells that are relevant to astpathogenesis. Quantitative RT-PCR showed
thatGSDMB mRNA is moderately expressed in normal human briahepithelial (NHBE) cells
and lung fibroblasts, but was barely detectableuman airway smooth muscle cel8d. 1A).
NHBE cells cultured in the submerged conditionragestly basal cells, which can be
differentiated into goblet cells and ciliated cefighe air-liquid interface (ALI) culture.

RemarkablyGSDMB mRNA expression is significantly higher (~20 fold)well-differentiated

16
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NHBE cell culture on ALI day 21 than in undifferated NHBE cells (ALI day O)Kig. 1A). To
further distinguish which mature airway epithetall types (goblet or ciliated cells) express
highest levels o6SDMB, we performed fluorescence activated cell sotfCS) to isolate
goblet or ciliated cells. We sort@etubulin IV-positive cells as ciliated ceifsand MUC5AC-
positive cells as goblet celfs QRT-PCR using selected markefFOKJ1 for ciliated celld’ and
MUCSAC for goblet celld®) confirmed that the FACS sorting successfullyased specific cell
populations ig. 1B). In B-tubulin-1V-positive ciliated cells, the expressiohGSDMB is
significantly higher (> 2 fold) than ip-tubulin IV-negative cells. The expression@&DMB is

not significantly different between MUC5AC-postigeblet cells and MUC5AC-negative cells.

Consistent with the qRT-PCR results, immunostaisingwed that GSDMB protein is
highly expressed in ciliate@-tubulin-IV-positive) cells Fig. 1C). GSDMB is also expressed in
somep-tubulin-1V-negative (presumably goblet) celldd. 1C). In addition, we also detected
robust expression of GSDMB protein in the epithalilout not other types of cells, of the human
airways Fig. 1D). Together, these data showed that GSDMB is higkpressed in the airway

epithelium, including the fully differentiated @tied cells.
Cleavage of GSDMB Protein by Caspase-1 I nduces Pyroptotic Cell Death

GSDMB belongs to the family of gasdermin prot&ingVhile little was known about the
biochemical function of GSDMB, recent studies hdeenonstrated that another family member
gasdermin D (GSDMD) induces a particular type dif death known as pyroptosis, in which
pore formation at the plasma membrane causeswsliibg and release of inflammatory
moleculed® *°© GSDMD, upon inflammasome activation, is cleavgdnfiammatory caspases to
remove the inhibitory C-terminus, resulting in tieéease of a functional N-terminal domain,

which induces pore formation at the plasma membiawause pyroptosts*2 We observed
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364

that, when co-expressed with inflammatory caspaseSDMB protein is cleaved into at least
two short formsig. 2A). One of the cleaved forms is about the predisted (~20 kD) of the
N-terminus of the GSDMB protein. To confirm the sifieity of the cleavage, we mutated two
potential caspase-1 cleavage sites (aspartateDZ3%] and aspartate 250 [D250]) in the middle
of the GSDMB protein. As shown Fig. 2A, while mutation of D250 has little effect on the
cleavage of GSDMB into the shorter form, mutatibthe aspartate at residue 236 to alanine
(D236A) completely abolished the cleavage as inditay the disappearance of the shorter
fragment. This result strongly supports specifeastige of GSDMB by caspase-1 at the D236

position.

We next determined whether the GSDMB N-terminajifinent released from caspase-1-
induced cleavage induces pyroptosis of cells. Esgpoa of the N-terminal fragment induced
potent pyroptotic cell death, as indicated by bbthrelease of LDH into the mediuiig. 2B)
and by microscopic examination of cell morpholoBig( 2C). In contrast, expression of the full
length or the C-terminal fragment did not inducg aircrease in pyroptosigig. 2B,C).
Consistent with the cleavage of the GSDMB protsircdspase-1, co-expression of wild type
GSDMB, but not the D236A mutant, which cannot esagkd by caspase-1, resulted in
pyroptotic cell deathHig. 2D). These results show that the GSDMB N-terminusastd by the

inflammatory caspase-1 cleavage induces potenpfyss.
The Splicing Variant rs11078928 Abolishes Pyroptosis-inducing Activity of GSDMB

While genotypes of rs2305480 result in a changarafne at amino acid residue 311 of
the GSDMB protein to serine (P311S), the spliciagant rs11078928 (b C) destroys a
splicing acceptor site and thus prevents the sjiof exon &, resulting in the deletion of 13

amino acids from the N-terminus of GSDMB protdng 3A). We first examined the effect of
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rs11078928 genotypes on GSDMB splicing and pragpression in primary NHBE cells. We
genotyped over 30 primary NHBE lines and identifledonors with homozygous CC alleles of
rs11078928. We chose two age- and gender-matchredglwith homozygous TT alleles. As
shown inFig. 3B, theGSDMB mRNA in NHBE cells with the CC genotype is smatlean that

in NHBE cells with the homozygous TT genotype. Birgequencing confirmed the deletion of
exon 6 from the transcript (data not shown). Cdastswith this, NHBE cells of TT genotype
express the long (416 amino acids) and short (4@Baacids) forms of GSDMB protein,
whereas the long form is absent in NHBE cells ofg@@otype Fig. 3C). Interestingly, although
the long formGSDMB mRNA is more abundant in cells of TT genotype,tbks express more
of the 403-aa-long GSDMB protein, suggesting thatlbnger transcript may be less efficiently
translated than the shorter transcript. Nevertiseleége TT genotype allows, whereas the CC
genotype abolishes, the expression of the long&i&®rm. Together, these results confirmed

the effect of rs11078928 on GSDMB splicing and @iroexpression.

We next examined the effects of the variants (r5280 and rs11078928) on GSDMB
protein function: induction of pyroptosis. We tréetgsed GSDMB-416, GSDMB-416P311S (for
rs2305480), and GSDMB-403 (for the splicing rs119P8 into HEK293T cells, either in the
presence or absence of caspase-1. As shown iBFBjgxpression of GSDMB proteins alone (in
the absence of caspase-1) did not induce pyroptdsisever, in the presence of caspase 1,
GSDMB-416 induced pyroptosifig. 3D). GSDMB-416 P311S (proline to serine change at
residue 311), which was suggested to affect GSDKBen conformatioff, induced similar
cytotoxicity as the wild type proteirfrig. 3D), indicating that rs2305480 has little effect be t
pyroptotic activity of GSDMB. In contrast, GSDMB-2@id not induce pyroptosis even in the

presence of caspasdHig. 3D). Consistent with this, the expression of the &dd-terminus of
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388 GSDMB-403 (N220), unlike the normal GSDMB N-termeniN232), failed to induce pyroptotic
389 cell death Fig. 3E). Moreover, in the bronchial epithelial BEAS-2Bdat6HBE cells, GSDMB-
390 403 was unable to increase pyroptosis in respansglammasome inductiori-(g. 3F).

391  Together, these results indicate that the splicargant rs11078928 abolished the ability of

392 GSDMB to induce pyroptotic cell death.
393
394 DISCUSSION

395 In this study, we identified @SDMB splicing variant (rs1107892&at abolishes the

396  biochemical activity of GSDMB and that is nominadlignificantly associated with decreased
397 asthmarisk in a large asthma GWAS. AdditionalligNP (rs2305480) in strong LD with it

398 among Europeans is also associated with asthmaenand large asthma GWAS. Previous
399  study by Igartua et al. reported an associatiowéen rs11078928 and asthfiaAnother study
400 showed that the asthma risk allele (T) of rs1108882as associated with increased expression of
401  GSDMB transcript$®. More recently, Chao et al reported that severapsotic executioner

402  caspases can cleave the GSDMB protéitn addition, Das et al showed tH@EDMB is

403  expressed in human airway epithelial cells andB82MB expression increases with severity
404  of asthma®. We extended these findings by showing BEDMB is highly expressed in ciliated
405  airway epithelial cells and, when activated, induicélammatory caspase-mediated pyroptotic
406  cell death. Importantly, we demonstrated that ¢tss lof functional splicing by a genetic variant
407  abolishes the biochemical activity of GSDMB. Togettour work identified the function of

408 GSDMB coding variant rs11078928, an asthma-associatg@11iocus SNP, thus supporting
409 GSDMB as an asthma-related gene by linking one of iterts to a mechanism that plausibly

410 contributes to asthma pathogenesis.
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411 Many non-coding SNPs in the 17921 locus have besocgated with asthma, especially
412 childhood-onset asthnia® ** A recent study that examined rare to low-freqyenactional

413 variants in this region, including miss-sense v@san the 17qg21 regich, measured

414  associations but did not include functional follow-studies. As a result, an asthma-related
415  functional role for variants in the 17921 locus hasbeen established. The rs11078928 splicing
416  variant, by influencing pyroptotic cell death, megusally contribute to the previously observed
417 17921 locus asthma associations, as we foundh#t€ C allele of this SNP is nominally

418 associated with decreased risk of asthma in nopadis white adults from the GERA biobank-
419 based cohort , and (2) the A allele of rs230548tckvis in perfect LD with rs11078928 among
420 European populations (rs2305480), is associatdddetreased asthma prevalence in diverse
421  subjects from EVE, a cohort consisting mostly afesawith childhood-onset asthma. Further,
422 rs2305480 is in perfect LD with the top-ranked Ed4hma-associated SNP rs11078927. Our
423  findings do not preclude other genes and/or vasianthe 17921 locus from contributing to the
424  well-known asthma-association signal. For exantpieGSDMA gene present in this region is
425  also expressed in the lufiyand could have a functional role in asthma pathesjs as several
426  GSDMA coding variants are associated with asthma, adbaitiess significant level than the

427  GSDMB splicing variant. Whether these variants functiyngerturo GSDMA gene function and
428  contribute to asthma-relevant cell phenotypes a#aither investigation. Future studies that

429 identify additional functional variants @SDMB and in other 17921 genes are warranted.

430 GSDMB is highly expressed in well-differentiatedvaay epithelial cells, including
431  ciliated cells. The dominant cell type in the aiwepithelium, ciliated cells are important for
432  mucociliary clearance, transdifferentiation, anglaie following injury to the airway epithelium

433 %8 Asthmatic airways have repeated epithelial shegithat results in impaired mucociliary
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434  clearance. Epithelial biopsies from both asthmettitdren and adults showed damage to ciliated
435  cells with cytoplasmic blebbing and mitochondriatuolization, as well as loss of cilia and

436 abnormal cilia structur€. Future studies investigating exactly how GSDMBdiated

437  pyroptosis of ciliated airway cells contributesasthma pathogenesis may offer a new avenue for
438  therapeutic intervention that protects the intggaitd function of the airway epithelium. Based
439  on our studies, we envision a model in which GSDiMBifferentiated airway epithelial cells is
440  activated by certain pro-inflammatory stimuli siaghviruses and allergens. Such activation

441  results in caspase-mediated cleavage of GSDMB, evNeterminal fragment targets the

442  membrane and induces the formation of plasma merelpares. This GSDMB-mediated lysis
443  of airway epithelial cells triggers the releaseybplasmic contents, including, inflammatory
444  molecules (e.g. ILfA and IL-33) that alter the behavior of other cgflds involved in hallmark
445  asthma features. The GSDMB splicing variant abebsihe biochemical activity of the cleaved

446  GSDMB fragment, and may thus confer decreased astiusceptibility.

447 The rs11078928 SNP represents a “loss-of-functioatation: the major allele (T)

448  confers higher incidence of asthma, whereas thie(@ avhich causes the loss of pyroptosis-
449  inducing activity of GSDMB is associated with lowasthma risk. This finding has important
450 implications for potential asthma therapies theyga GSDMB. For example, suppression of the
451  active GSDMB fragment in individuals with rs110789PT could reduce asthma susceptibility
452 by reducing airway epithelial pyroptosis and sulesdq release of inflammatory factors.

453  However, this GSDMB-targeting therapy is unlikatyttave therapeutic benefit for asthmatics
454  with rs11078928-CC, who lack the functional GSDMBtpin. Thus, in the context of precision

455  medicine, an effective therapeutic strategy tange®SDMB would require the screening and
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selection of asthmatics with the major allele dfi@78928, who are more likely to respond to

therapies targeting functional GSDMB.

Our study has some limitations. First, GERA comsidargely of adults with asthma, and
we are unable to distinguish those with childhogd-adult-onset asthma. Because the 17921
locus is most pronounced in childhood-onset asththahe associations we measured in GERA
may not reflect those of a cohort with childhoodseinasthma only. Future fine-mapping studies
that compare childhood asthma-specific cohortgltdtaonset cohorts may yield insights into
functional 17921 associations that vary by timasthma onset. Second, none of GE@®MB
SNPs investigated in the GERA cohort achievedditiomal significance threshold for genome
wide significance (P< 5x 1¥) with the highest significance being 1.3 x°1Third, due to the
inherent difficulty of genome editing in primarylise our study did not demonstrate directly the
functional role of rs11078928 in differentiatedvaary epithelial cells. Future development of
more efficient methods of genome editing methodkheip interrogate the role @SDMB and
its variants in primary airway epithelium, includithe ciliated cells. FinallyfgSDMB is human
specific (there is nGSDMB gene encoded in the mouse genome), and thus, reewvable to
investigate the function of tHt@SDMB splicing varianin vivo. However, whole body transgenic
mice overexpressing tl@SDMB minor (C) allele (403-aa form) do exhibit airway
hyperresponsiveness without inflammatfonFuture experiments using transgenic mice
expressing th&SDMB splicing variant in airway epithelium may directfst the function of the

variantin vivo.

In summary, by combining genetic association arealyd mechanistic studies, we
identified and characterized a functional asthnreaw&in theGSDMB gene. Future studies that

further investigate the physiological role of treiant and the gene may provide novel
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mechanistic insights into asthma pathogenesiscthad ultimately lead to the development of

potentially curative asthma therapies targeting GIBD
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TABLE 1: Association of 17921 Coding Variantswith Asthmain GERA.

Codin MAF, MAF, MAF, OR

i

SNP Position_hgl9 | Gene Minor_Allele | Major_Allele J P-value PAR

change all cases controls  (95% Cl)

0.92

rs2305480 38062196 GSDMB | A G P311S 0.45 0.43 0.45 1.01E-06 | 0.038
(0.89-0.95)
0.92

rs11078928 | 38064469 GSDMB | C T splicing 0.45 0.43 0.45 1.32E-06 | 0.038
(0.89-0.95)

rs2305479 38062217 GSDMB | T C G304R - - - - - -
0.95

rs11557467 | 38028634 ZPBP2 T G S1731 0.49 0.48 0.5 1.67E-05 | 0.025
(0.90-0.96)
0.95

rs7212944 38122686 GSDMA | A G E130K 0.34 0.33 0.34 2.75E-03 | 0.017
(0.91-0.98)
1.05

rs56030650 | 38131187 GSDMA | A C T314N 0.46 0.47 0.46 2.98E-03 | 0.023
(1.02-1.08)
1.05

rs7212938 38122680 GSDMA | G T V128L 0.49 0.5 0.49 5.38E-03 | 0.024
(1.02-1.08)
1.05

rs3894194 38121993 GSDMA | A G R18Q 0.46 0.47 0.45 8.11E-03 | 0.022
(1.02-1.08)

MAF: minor allele frequency; OR: Odds Ratio; PARpRlation Attributable Risks. All P values

are nominally significant based on P<0.05; howenene achieved genome-wide significance

(P< 5x10%).
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TABLE 2: Association of GSDMB Coding Variantswith Reduced Asthma Risk in EVE.

SNP
rs2305480 rs2305479 rs11078927

Case_MAF 0.39 0.43 0.39
Control_MAF 0.45 0.49 0.45

EVE EA OR (95% Cl) 0.80 (0.71-0.9) 0.78 (0.69-0.89) 0.80 (0.71-0.91)
PAR 0.123 0.123 0.120
P-value 8.30E-07 2.79E-08* 8.62E-07
Case_MAF 0.27 031 0.27
Control_MAF 0.32 0.36 0.32

EVE LA OR (95% Cl) 0.78 (0.67-0.90) 0.8 (0.69-0.92) 0.79 (0.68-0.92)
PAR 0.163 0.14 0.152
P-value 2.27E-07 4.90E-07 3.12E-07
Case_MAF 0.12 0.16 0.11
Control_MAF 0.14 0.17 0.14

EVE AA OR (95% Cl) 0.86 (0.69-1.06) 0.94 (0.78-1.15) 0.81 (0.65-1.01)
PAR 0.125 0.047 0.164
P-value 9.45E-03 1.44E-01 1.19E-03
Case_MAF 0.27 031 0.27
Control_MAF 0.32 0.36 0.32

Joint OR (95% Cl) 0.80 (0.73-0.86) 0.81(0.75-0.88) 0.80 (0.73-0.87)
PAR 0.148 0.129 0.148
P-value 1.31E-13* 1.21E-12* 1.22E-14%

EA: European American; LA: Latino American; AA: Adan American; PAR: Population

Attributable Risks; OR: odds ratio. P-values tletah genome-wide significance (i.e., are <5 x

10%) are designated with an asterisk (*)
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FIGURE LEGENDS

Figure 1. GSDMB expression in airway epithelium. A) RelativeGSDMB mRNA expression in
human primary airway smooth muscle (ASM), lungdiiasts (FIB), and normal human
bronchial epithelial (NHBE) cells over the courdeam-liquid interface (ALI) cultureACTB (B-
actin) was used as an internal control. B) RelaB#®MB mRNA expression in sorted
B-tubulin IV-positive ciliated NHBE and MUC5AC-poséwoblet NHBE cells. Graphs show
mean of fold-change from three different donors3,n=- SEM. C and D) Immunostaining of
GSDMB protein in NHBE (normal human bronchial epital) cells at day 21 of ALI culture (C)
and lung tissue (D) shows GSDMB expression inteitiacells. Ciliated cells were stained for

B-tubulin IV and nuclei were visualized by DAPI staig.

Figure 2. GSDMB iscleaved by caspase 1 to induce pyroptosis. A) Western blot showing
GSDMB cleavage by caspase-1. Wild type or mutamh$o(D236A and D250A) were co-
transfected with either caspase-1 or vector plasimenty-four hours post-transfection, protein
lysates were prepared for Western blotting..B apd@@ N-terminal fragment of GSDMB
induces cell death. HEK293T cells were transfeet#d EGFP, full length GSDMB, N-
terminal, or C-terminal fragment of GSDMB proteiiwenty-four hours after transfection,
cytotoxicity was assessed using the LDH assay i(#)changes in cell morphology were
captured by light microscopy (C). D) LDH assay shmgvGSDMB-induced pyroptosis in the
presence of caspase-1. HEK293T cells were tramsfecith wild type, D236A, or D250A
GSDMB (all full length) in the presence or abseateaspase-1. Twenty-four hours after
transfection, cytotoxicity was assessed using e lassay. Graph shows mean of n=3, +/-

SEM from a representative experimenp<0.05.
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Figure 3. Splicing variant rs11078928 abolishes pyroptosis activity of GSDMB. A)
Schematic representation of the GSDMB gene shothi@@xons and the two translational
products. Boxes: exons; *: rs11078928. B) RT-PC& @nWestern blot showing the effect of
rs11078928 on GSDMB splicing and expression in NHBHEs harboring the TT or CC allele
and cultured in ALI. D) The 403 variant does natune caspase-1-mediated pyroptosis in
HEK293T cells. LDH assay was performed twenty-foours post transfection with the
indicated constructs. E) Cytotoxic effects of Matenal fragments (N232: residues 1-232; N220:
residues 1-220) transfected in HEK293T cells . L&dday was performed twenty-four hours
post-transfection. F) Effect of the expected praaiics11078928 on inflammasome-induced
pyroptosis. BEAS2B or 16HBE cells transfected weitner EGFP, 416 or 403 and caspase-1
were treated with 1AM nigericin. Graph shows mean of n=3, +/- SEM framepresentative

experiment; #p<0.05.
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List of Supplementary Material:

Supplementary Table 1: Low-frequency coding variants in the 17921 locus.

Supplementary Figure 1: Linkage Disequilibrium (LD) Map of Coding GSDMB SNPs and
Other Coding SNPsin the 17921 Region.

Figurelegend

Supplementary Figure 1: Linkage Disequilibrium (LD) Map of Coding GSDMB SNPs and
Other Coding SNPsin the 17921 Region. Genotype data used to evaluate LD are from CEU
1000 Genomes. Numbers represent r? of two SNPs.



Supplementary Table 1

Codin MAF
SNP Position_hgl9| Gene | Minor_Allele | Major_Allele 9 (from
change
ExAC)
17:37944519
iosona | IKZF3 C G Gly234Ala | 0.02734
rs35820084 | 173002824 | 7ppp) G A Alal18Thr | 0.008137
17:38033048
rsas02660) | IO 7PBP2 C G GIN335GIu | 0.01256
(rs16965338) 17:32?6/3139 GSDMB G A Arg330Cys | 0.01106
(rs3s104165) | 1730950 | gepuip T C Asp250Gly | 0.02947
(rs12450001) | 1738068621 | n v T C Glu122Gly | 0.03215

T/C
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