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Abstract 77 

 78 

Background: NLRP1 is an innate immune sensor that can form cytoplasmic 79 

inflammasome complexes. Polymorphisms in NLRP1 are linked to asthma, however 80 

there is currently no functional or mechanistic explanation for this. 81 

 82 

Objective: We aimed to clarify the role of NLRP1 in asthma pathogenesis. 83 

 84 

Methods: Results from the GALA II cohort study were used to identify a link between 85 

NLRP1 and asthma in Mexican Americans. In vitro and in vivo models for NLRP1 86 

activation were applied to investigate the role of this inflammasome in asthma at the 87 

molecular level. 88 

 89 

Results: We document the association of an NLRP1 haplotype with asthma for which 90 

the SNP rs11651270 (M1184V) individually is the most significant. Surprisingly, 91 

M1184V increases NLRP1 activation in the context of N-terminal destabilization, but 92 

decreases NLRP1 activation upon DPP9 inhibition. In vitro studies demonstrate that 93 

M1184V increases binding to DPP9, which can account for its inhibitory role in this 94 

context. Additionally, in vivo data from a mouse model of airway inflammation reveal 95 

a protective role for NLRP1 inflammasome activation reducing eosinophilia in this 96 

setting. 97 

 98 

Conclusion: Linking our in vitro and in vivo results, the NLRP1 variant M1184V 99 

reduces inflammasome activation in the context of DPP9 inhibition and could thereby 100 

increase asthma severity. Our studies may have implications for the treatment of 101 

asthma in patients carrying this variant of NLRP1. 102 

 103 

  104 
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 105 

Key Messages: 106 

• NLRP1 SNP M1184V is associated with asthma 107 

• NLRP1 M1184V alters inflammasome formation depending on the method of 108 

activation 109 

• NLRP1 activation decreases severity of mouse asthma model 110 

 111 

 112 

Capsule Summary: Genetic deletion of Nlrp1 in mice and the M1184V variant in 113 

humans both exacerbate asthmatic pathology, consistent with the mechanism of 114 

activation being related to DPP9 inhibition. 115 

 116 

 117 

Key words: NLRP1, inflammasome, asthma, DPP9, SNP 118 

 119 

 120 

Abbreviations: NLRP (nucleotide-binding oligomerization domain-like receptor 121 

containing a pyrin domain), SNP (single nucleotide polymorphism), DPP9 (dipeptidyl 122 

peptidase 9), IL (interleukin), BAL (bronchoalveolar lavage), GALA II (Genes-123 

Environment & Admixture in Latino Americans) 124 
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Introduction 126 

Asthma is a common chronic respiratory disease that according to WHO estimates 127 

affects 235 million people worldwide. It typically occurs in genetically predisposed 128 

individuals after inappropriate immune activation caused by antigen exposure, like 129 

viral infections and allergens, and subsequent epithelial damage1,2. Patients suffer 130 

from airway inflammation, obstruction and remodelling, as well as airway 131 

hyperresponsiveness3. As asthma is an incurable disease, patients require continued 132 

treatment and management4. 133 

Release of proinflammatory cytokines from the IL-1 family (IL-1β, IL-18, IL-33) is 134 

a hallmark of asthmatic inflammation. IL-1β and IL-33 activate Th2/Th17 cells and 135 

ILC2/3 cells leading to the release of proinflammatory cytokines (IL-4, IL-5, IL-9, IL-136 

13, IL-17A)5–7. Subsequently, eosinophils, neutrophils, mast cells and Th2 cells 137 

infiltrate the lung to trigger inflammation and tissue damage8,9. The other IL-1 family 138 

member, IL-18, is also linked to asthma, but with conflicting effects. On the one hand 139 

it is described to inhibit Th2 cell development together with IL-12, resulting in reduced 140 

airway hyper-responsiveness in a mouse model of asthma10. Moreover, significantly 141 

increased serum levels of IL-18 were found in patients during acute asthma 142 

episodes11. On the other hand, reduced levels of IL-18 were found in the BAL fluid of 143 

asthma patients compared to healthy controls12. To date, the exact role of IL-18 in 144 

asthma pathogenesis is not entirely clear13. 145 

Inflammasomes form an important part of the innate immune system and are 146 

potent activators of procaspase-1. As such, they are able to induce the release of 147 

mature IL-1β and IL-18 as well as a rapid form of cell death called pyroptosis14. The 148 

current model suggests that upon expression NOD-like receptors (NLRs) are 149 

localized in the cytosol of the cell as monomers. Immediately after activation they 150 

assemble into disc-like oligomers, providing a platform for the adaptor protein ASC 151 

(apoptosis-associated speck-like protein containing a CARD). In turn, ASC 152 

assembles into large filaments and recruits procaspase-1, ultimately leading to 153 

activation of procaspase-1 by self-cleavage. Active caspase-1 can process the pro-154 

forms of IL-1β and IL-18 into their active forms and thus induce inflammation14,15. 155 

Further, active caspase-1 also cleaves gasdermin D, which in turn forms membrane 156 

pores inducing pyroptosis16. 157 

NLRP1 was the first inflammasome described and has been shown to be 158 

expressed in various tissues including the respiratory epithelium, as opposed to 159 
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NLRP3, which is primarily expressed in the hematopoietic compartment17,18. The 166 160 

kDa NLRP1 protein also differs from other NLRPs in its domain composition. The 161 

NLRP1 N-terminus is formed by a common tripartite domain architecture that is 162 

shared by all NLRP proteins, comprised of a PYD, a NACHT domain and leucine rich 163 

repeats (LRR). However, an additional FIIND and CARD domain on the C-terminus 164 

are unique to NLRP119. Autolytic proteolysis within the FIIND domain is a strict 165 

requirement for NLRP1 activity20,21. A common single nucleotide polymorphism 166 

(rs11651270) resulting in the amino acid substitution methionine 1184 to valine 167 

(M1184V) was described to increase cleavage in the FIIND domain and has been 168 

associated with genetic predisposition to asthma21,22. Furthermore, SNPs in NLRP1 169 

were found to be involved in other diseases, like vitiligo-associated autoimmune 170 

diseases23. Several mutations in the NLRP1 gene locus were identified to lead to 171 

constitutive inflammasome activation, causing skin autoinflammatory syndromes24,25. 172 

These patient-derived mutations helped to understand the mechanistic role of NLRP1 173 

PYD and LRR in keeping the protein in an autoinhibited conformation24. The fact that 174 

the NLRP1 PYD is autoinhibitory differentiates this inflammasome from other 175 

members of the NLRP family, which require their PYD to directly bind the adaptor 176 

protein ASC and thus enable downstream activation of procaspase-126. In contrast, it 177 

is the C-terminal CARD domain of NLRP1 that triggers inflammasome activation21,24. 178 

To date, the exact mechanism by which NLRP1 is activated through pathogens is 179 

not fully understood. However, Toxoplasma gondii has been demonstrated to 180 

activate NLRP1 in mice and rats, and genetic variants in human NLRP1 increase 181 

susceptibility to congenital Toxoplasmosis27–30. Dense granule proteins of the 182 

parasite have been identified to be essential for triggering NLRP1-dependent 183 

pyroptosis in rats31. Lethal toxin from Bacillus anthracis cleaves and thereby activates 184 

certain alleles of mouse and rat Nlrp132,33. Recently, different pathogen enzymes 185 

were identified to induce N-terminal degradation of mouse NLRP1b. Cleavage within 186 

the FIIND domain provided, this degradation process led to activation of the NLRP1 187 

inflammasome34. Additionally, it has been shown that inhibition of the negative 188 

regulator dipeptidyl peptidase 9 (DPP9), which binds to the FIIND domain, leads to 189 

activation of NLRP1 in humans and mice35,36. Inhibition of DPP9 leads to a 190 

dissociation of the peptidase from NLRP1 and results in N-terminal degradation and 191 

finally activation of the inflammasome37,38. Moreover, one of the human mutations 192 

causing skin inflammatory symptoms and associated arthritis was identified to be 193 
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located within the FIIND domain (P1214R)25. This mutation was shown to activate 194 

NLRP1 by preventing DPP9 association with NLRP136. 195 

Here we confirm that the M1184V mutation within the FIIND domain of NLRP1 is 196 

associated with increased asthma severity. Surprisingly, we find that activation of 197 

NLRP1 M1184V in vitro via N-terminal destabilizing mutations has divergent effects 198 

compared to activation via DPP9 inhibition. Additionally, genetic manipulation of 199 

Nlrp1 in mouse models of asthma shows that Nlrp1-deficiency exacerbates asthma 200 

models. Combined with the in vitro data, this aligns with a causative effect of M1184V 201 

in asthma to decrease NLRP1 activation in the context of DPP9 inhibition. 202 

  203 
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 204 

Methods 205 

Plasmids and mutagenesis 206 

Viral constructs including pRP-hASC-RFP (retroviral construct) and pTRIPz-NLRP1-207 

HA-T2A-GFP-IRES-Puro (2nd generation lentiviral construct) were used to establish 208 

cell lines with stable expression of the transgenes. For immunoprecipitation, NLRP1 209 

constructs were expressed from a pCIG2 vector backbone with a C-terminal 210 

3xFLAG-tag, eGFP was expressed from an IRES on the same vector. Mutagenesis 211 

was carried out using the QuikChange Lightning Site-Directed Mutagenesis Kit 212 

(Agilent) following the manufacturer’s instructions. Successful mutation was 213 

confirmed by sequencing. 214 

 215 

Cell culture 216 

HEK293T cells were cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s 217 

Medium (Thermo Fisher Scientific) supplemented with 10% foetal bovine serum 218 

(FBS), 0.1% (w/v) streptomycin and 100 U/mL penicillin. FBS was heat-inactivated 219 

for 30 minutes at 55°C before supplementation. Continuous cultures were monitored 220 

for absence of mycoplasma by PCR. 221 

 222 

Generation of stable cell lines 223 

Production of viral particles for stable expression of transgenes was achieved by 224 

transfecting HEK293T with packaging plasmids pGag-pol and VSV-G along with the 225 

transgene hASC-RFP for retrovial system and psPAX2 and pMD2.G along with the 226 

transgene NLRP1-HA-T2A-GFP-IRES-Puro for 2nd generation lentiviral system, 227 

respectively. Plasmids were transfected into HEK293T cells, seeded at 3x106 cells in 228 

10 cm2 dishes one day before the transfection was performed. Medium of the 229 

transfected cells was replaced 16 hours post transfection. The viral supernatant was 230 

collected and filtered through a 0.45 µm filter at 24 hours and 48 hours post medium 231 

change. The filtered viral supernatant was then added directly to HEK293T and 232 

incubate for 24 hours before the viral supernatant was entirely removed. 233 

Successful retroviral transduction of hASC-RFP cells was confirmed and cells 234 

were isolated by fluorescence-activated cell sorting (FACS) for RFP+ non-specking 235 

cells. These cells were used as a parental cell line for the subsequent lentiviral 236 

transduction of NLRP1-HA-T2A-GFP-IRES-Puro. Following the lentiviral transduction 237 
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of NLRP1-HA-T2A-GFP-IRES-Puro, the cells were subjected to 5 µg/mL puromycin 238 

selection before sorting for GFP- non-specking cells. Expression of the NLRP1-T2A-239 

GFP transgene was induced using 1 µg/mL doxycycline (Sigma Aldrich) and the 240 

expression was confirmed by flow cytometry and western blot analysis. 241 

 242 

ASC speck assay 243 

3.5x104 HEK293T cells stably expressing human ASC-RFP and stably carrying the 244 

doxycycline-inducible wild type (WT) or mutant human NLRP1 transgene were 245 

seeded in a flat-bottom 96-well tissue culture plate. The cells were seeded in the 246 

presence of 1 µg/mLof doxycycline to induce the expression of the transgene. Cells 247 

were harvested and analysed for speck formation 12 hours post induction by flow 248 

cytometry. 249 

For Talabostat treatment, the medium was replaced at 16 hours post doxycycline 250 

induction with medium containing increasing concentration of Talabostat 251 

(MedChemExpress HY-13233A) from 0.125 µM to 1 µM. The highest equivalent 252 

amount of DMSO was used as a control. Following Talabostat treatment, cells were 253 

incubated for 6 hours at 37°C. Cells were then harvested and analysed for speck 254 

formation by flow cytometry on a BD Bioscience LSR Fortessa X-20 as described 255 

previously39. 256 

 257 

Immunoprecipitation  258 

2.5x105 HEK293T cells were transfected with 500 ng of wildtype (WT) or mutant 259 

NLRP1 (IRES-GFP). 18 hours post transfection cells were washed once with 260 

1xDPBS and harvested in NP40 lysis buffer (1% NP40 (v/v), 10% Glycerol (v/v), 20 261 

nM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 10 mM NaPPi, 5 mM NaF, 1 mM Na3VO4, 262 

1 mM PMSF) freshly supplemented with 1x cOmplete protease inhibitor cocktail 263 

(Roche). After lysing cells for 20 minutes on ice, cell debris was spun down and the 264 

supernatant was collected. Immunoprecipitation was performed using anti-FLAG-M2-265 

agarose resin (Sigma) for 4 hours or overnight at 4°C. Beads were washed three 266 

times with lysis buffer before elution by boiling in SDS sample buffer for 10 minutes. 267 

Immunoblots were prepared using 4-12% gradient gels (Novex, Invitrogen) and 268 

subsequently transferred to a PVDF membrane. Membranes were blocked in 269 

phosphate buffer saline/tween 20 (PBS-T) with 5% skim milk for 60 minutes at room 270 
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temperature and probed over night at 4°C. Antibodies: aNLRP1: AL176 (AdipoGen), 271 

aDPP9: ab42080 (Abcam), aFLAG: 9H1 (in house), aActin: sc47778 (SCBT). 272 

 273 

Mice 274 

WT, Nlrp1-/-, Il1r-/-, Il1r-/-Neut1m/m, Il1r-/-Il18-/-, and Il1r-/-Il18-/-Neut1m/m mice described 275 

previously40 were analysed between 1.5-3 months of age. Animal experiments 276 

complied with the regulations set by the Walter and Eliza Hall Institute of Medical 277 

Research (WEHI) Animal Ethics Committee. 278 

 279 

Asthma model 280 

Mice were immunised with sensitisation solution (50% (v/v) aluminum hydroxide 281 

(Sigma), 250 μg/mL ovalbumin (lyophilized chicken egg white albumin) (Sigma), 10% 282 

(v/v) type II water and 40% (v/v) normal saline (WEHI media department); 200 283 

μL/mouse) via IP injection on days 1 and 14. On days 27, 28 and 29 mice were 284 

challenged via nebulization (inhalation) of challenge solution (MTPBS (WEHI media 285 

department), 5% (w/v) ovalbumin (Sigma)) for 20 minutes. Mice were sacrificed and 286 

prepared for assessment of asthma pathology on day 30. 287 

 288 

Isolation and preparation of organs and fluids 289 

Bronchoalveolar lavage fluid (BALF) was collected by performing a tracheotomy on 290 

the mice before flushing the lungs with 3 x 500 μL flow buffer (MTPBS (WEHI media 291 

department), 1% fetal bovine serum, 2.5 mM EDTA). Next, lungs were collected and 292 

the left lobe retained in 10% buffered formalin for histology. Lungs were diced with 293 

scissors and digested at RT for approximately 30 minutes in digestion buffer (RPMI 294 

(WEHI media department), 1 mg/mL Collagenase III (Worthington), 0.4 U Dispase, 1 295 

μg/mL Dnase) with mixing. Single cell suspensions were obtained by passing 296 

digested lungs through a 70 μm sieve. Cells were collected by centrifugation. BALF 297 

supernatants were collected and stored at -20°C for later analysis, and red cells 298 

lysed in red cell removal buffer (WEHI media department) for 1 min at RT. Cells were 299 

then washed and resuspended in flow buffer. Cells were incubated with CD16/32 Fc 300 

block for 20 minutes prior to incubation with cell surface staining combination. Cells 301 

were then incubated with fixation buffer (eBioscience), permeabilization buffer 302 

(eBioscience), and intracellular antibodies, and washed between steps. Cells were 303 

resuspended in 200 μL of flow buffer. Spleen single stain controls were included for 304 
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all experiments. All centrifugations were performed at 1300 g for 5 minutes at 4°C 305 

and all incubations were on ice for 20 minutes. 306 

 307 

Flow cytometry 308 

Flow cytometry was performed on a BD Bioscience LSR Fortessa cell analyser and 309 

analysis was performed using FlowJo software. Granulocytes were defined as 310 

CD45.2+, B220- or CD19-, CD11b+ cells and further defined as eosinophils or 311 

neutrophils based on Siglec-F+ Ly6G- or Siglec-F- Ly6Ghi, respectively. 312 

Macrophages/monocytes were defined as Siglec-F- and Ly6G- CD11b+. T 313 

lymphocytes were defined as CD45+ CD3+ CD4+ B220-cells and further classified as 314 

regulatory T lymphocytes (Treg), Th2, or Th17 by expression of FoxP3, GATA3 or 315 

RORγt, respectively. ILCs were defined as CD45+ lineage negative (CD3-/ CD4-) 316 

cells and further stratified into ILC2 or ILC3 by expression of GATA3 or RORγt, 317 

respectively. Single stain controls were included for all flow cytometry experiments to 318 

facilitate appropriate compensation. Representative dot plots for the gating strategies 319 

are shown in the supplement (Figure S1 and S2). 320 

 321 

Histopathology 322 

Lungs were collected in 10% buffered formalin. Sections were stained with 323 

hematoxylin and eosin (H&E), periodic acid Schiff (PAS) and toluidine blue (TB) for 324 

detection of inflammatory cells, mucus production and mast cells. 325 

 326 

Multiplex ELISA 327 

Multiplex ELISAs were performed using the BioPlex Pro Mouse Cytokine Kit 328 

(BioRad) following the manufacturer’s instructions. Absorbance was recorded at 450 329 

nm using a microplate reader. 330 

 331 

Statistics 332 

Data was analysed using Prism software. Comparison of data was performed using a 333 

student’s t-test or an ANOVA followed by a paired t-test. Values are displayed as 334 

mean ± standard error of the mean (SEM). 335 

 336 

GALA II and SAGE II Cohort Study 337 
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The Genes-environments and Admixture in Latino Americans (GALA II) Study and 338 

the Study of African Americans, Asthma, Genes, and Environments (SAGE II) Study 339 

are two clinic-based multi-center asthma case-control studies, conducted using 340 

identical protocols and questionnaires, to examine the complex network of genetic 341 

and environmental factors contributing to asthma prevalence and severity among 342 

Latino and African American children41,42. Full descriptions of the GALA II and SAGE 343 

II study protocols and recruitment, including inclusion and exclusion criteria have 344 

been previously described, in detail41,42. Briefly, asthma cases and controls were 345 

recruited from community centers and clinics in the mainland U.S. and Puerto Rico 346 

(2006-present). Individuals were eligible to participate if they were 8-21 years of age 347 

and identified all four grandparents as Latino (GALA II) or African American (SAGE 348 

II). Participants were excluded if they had: (1) 10 or more pack-years of smoking; (2) 349 

any smoking within 1 year of recruitment date; (3) pregnancy in the third trimester; or 350 

(4) history of one of the following conditions: sickle cell disease, cystic fibrosis, 351 

sarcoidosis, cerebral palsy, or history of heart or chest surgery. Demographic data, 352 

including medical history and environmental exposure information, was collected 353 

from participants at study enrolment. All local institutional review boards of 354 

participating recruitment sites approved the study and all participants (or parents of 355 

participants younger than age 18 years) provided written informed consent. 356 

Asthma case/control status was determined by physician assessment at study 357 

enrolment. Age- and sex-specific BMI percentiles (BMI-pct) were calculated as 358 

previously described and used to assign BMI categories43. For subjects aged 20 359 

years and over, BMI categories were defined as follows: non-obese (BMI < 30) and 360 

obese (BMI ≥ 30). For subjects under 20 years of age, BMI categories were defined 361 

as follows: non-obese (BMI percentile < 95) and obese (BMI percentile ≥ 95). 362 

 363 

Study Population 364 

Mexican American subjects from the GALA II study cohort with complete 365 

demographic data (age, sex, asthma status, obesity status) and available NLRP1 366 

SNP were used as a discovery dataset in the current study (n = 905). Puerto Rican 367 

participants from the GALA II study (n = 1418), and African American participants 368 

from the SAGE study (n= 1256) were later examined to determine if associations 369 

between NLRP1 variants and asthma (both single variant and haplotype effects) 370 

present in the discovery dataset were also present in these non-Mexican populations. 371 
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Study demographics for all individuals in the discovery dataset (n = 905 Mexican 372 

Americans) and the two replication datasets (n = 1418 Puerto Ricans; n = 1256 373 

African Americans) are presented in Supplemental Tables 1a-1c. All descriptive 374 

statistics presented in Supplemental Table 1 were generated using the R statistical 375 

software program base package. 376 

 377 

NLRP1 Genotyping 378 

Blood samples were collected from GALA II and SAGE II participants at study 379 

enrolment for DNA analysis. Axiom® Genome-Wide LAT 1 array (Affymetrix, Santa 380 

Clara, CA, dbGaP phs000921.v1.p1) was used for genotyping. SNPs were excluded 381 

if they failed the manufacturer’s quality control, had genotyping call rates below 95%, 382 

and had a deviation from Hardy-Weinberg equilibrium (p<10−6) within controls. 383 

Additional SNP genotypes were imputed using the Michigan Imputation Server. The 384 

NHLBI Trans-Omics for Precision Medicine (TOPMed) program data (freeze 5) was 385 

used as the imputation reference panel44. Imputed SNPs were excluded from the 386 

dataset if R2 was below 0.3. Genotypes of several NLRP1 single nucleotide 387 

polymorphisms (SNPs), identified by prior studies as functionally relevant in relation 388 

to immunological diseases45, were then extracted from the total genotype data 389 

(Supplemental Table 3) for downstream single variant and haplotype analyses. 390 

Principal component analysis using genotyped data for all participants was 391 

performed using the PLINK 2.0 software platform46. The first three principal 392 

components were included in downstream association analyses to account for 393 

hidden substructure in the dataset. Genotype data for GALA II study participants is 394 

available on dbGaP under accession number phs001274, genotype data for SAGE II 395 

study participants is available on Dryad 396 

(https://datadryad.org/stash/share/20Ma3IthxRaK5sxbTNHGpOMGeDnJVFTPxDIxE397 

CTh2is).   398 

 399 

Single Variant Analyses 400 

We used logistic regression to assess the relationship between each variant and 401 

asthma susceptibility, separately. All regression models were adjusted for age, sex, 402 

obesity status, and the first three principal components (generated as described in 403 

the previous subsection). We also calculated allele frequencies for each variant in 404 

participants with and without asthma, separately and combined (Supplemental Table 405 
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2). All single variant genetic analyses were performed using the PLINK 2.0 software 406 

platform46.  407 

 408 

Multi-variant (Haplotype) Analyses 409 

NLRP1 variant haplotype analyses were performed using the Haplo.stats R software 410 

package47. Haplo.stats is a statistical program optimized to assess the relationship 411 

between a specified haplotype and case/control status in unrelated individuals, when 412 

haplotype phase is unknown, using regression-based analyses. We identified five 413 

NLRP1 haplotypes, containing a total of 14 SNPs, previously defined by 414 

Levandowski et al., and shown by the Author’s to be significantly associated with 415 

vitiligo and other autoimmune disorders45. Haplotype definition and haplotype 416 

frequencies in our study population are presented in Supplemental Tables 4 and 5a-417 

c. The most commonly occurring haplotype, referred to as Haplotype 1, in both 418 

asthma cases and controls was selected as the reference haplotype for regression-419 

based analyses performed in Haplo.stats. Presented odds ratios for haplotype effects 420 

describe the effect of the specified haplotype on asthma status as compared to 421 

Haplotype 1 (Table 1).  422 

 423 

Multiple Testing Correction for Single Variant and Multi-variant (Haplotype) Analyses 424 

We used the Bonferroni method to control the familywise error rate (FWER) and 425 

correct for multiple testing48. Significance thresholds derived using the Bonferroni 426 

equation can also produce false negatives. To minimize type II error in our study, in 427 

addition to significant association thresholds, we also generated a more liberal 428 

suggestive association threshold43,49. For multi-variant analyses, the effective number 429 

of tests was defined as the number of haplotypes assessed. Bonferroni FWER 430 

thresholds of 0.05 and 0.1 were used to generate significant and suggestive 431 

association thresholds, respectively50. The suggestive and significant p-value 432 

thresholds for single variant analyses (3 variants) were 0.033 and 0.017, 433 

respectively. The suggestive and significant p-value thresholds for the multi-variant 434 

analyses (4 haplotypes) were 0.025 and 0.0125, respectively. 435 

 436 

 437 

  438 
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Results 439 

 440 

NLRP1 variant M1184V is associated with genetic predisposition to asthma 441 

In a discovery cohort of 905 Mexican American children with and without asthma 442 

from the GALA II study, we assessed the effect of select NLRP1 single nucleotide 443 

polymorphisms (SNPs) on asthma susceptibility. Descriptive characteristics for all 444 

discovery study subjects are summarized in Supplemental Table 1a. Demographic 445 

variables were assessed for significant differences between asthma cases and 446 

controls. Significant differences were found for age (P = 2.20 x 10-16), sex (P = 447 

0.007), and obesity status (P = 0.01). 448 

A previous study by Levandowski et al. identified significant NLRP1 haplotype 449 

effects associated with vitiligo and other immunologic conditions45. We assessed the 450 

impact of these same haplotypes on asthma status in our study population. 451 

Regression-based haplotype analysis revealed one NLRP1 haplotype significantly 452 

associated with asthma status, compared to the most common/reference haplotype 453 

(Table 1). This haplotype, Haplotype 2A, remained significantly associated with 454 

asthma after correction for multiple testing (Odds Ratio: 1.69; P = 0.004). Genotypes 455 

for all NLRP1 SNPs included in Haplotype 2A are listed in Supplemental Table 4. 456 

We then performed single variant association testing, using logistic regression, to 457 

assess the impact of the three non-synonymous NLRP1 polymorphisms in Haplotype 458 

2A L155H (rs12150220), V1059M (rs2301582), and M1184V, (rs11651270) on 459 

asthma status in our study population. Each regression analysis was adjusted for 460 

age, sex, obesity status, and the first three principal components. Two NLRP1 461 

variants, V1059M and M1184V, were associated with asthma status in our study; 462 

however only one variant, M1184V remained suggestively associated with asthma 463 

after correction for multiple testing (P = 0.02, Table 2). Specifically, increased copies 464 

of the C allele of M1184V were associated with increased asthma susceptibility 465 

(Odds Ratio: 1.28; P = 0.02). 466 

After completing haplotype and single variant analysis in our Mexican American 467 

dataset, we attempted to further validate our findings in two independent datasets of 468 

Puerto Rican and African American children (Supplemental Tables 1b-c). Neither the 469 

significant 2B haplotype effect, nor the suggestive single locus effect at M1184V, 470 

were present in either of our validation datasets (Supplemental Tables 6a-b, 7a-b). 471 

Further assessment revealed differing allele and haplotype frequencies among the 472 
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three populations that may account, in part, for the lack of replication of significant 473 

and suggestive associations found in Mexican Americans.   474 

 475 

Activation of NLRP1 is reduced by M1184V in the context of DPP9 inhibition 476 

The NLRP1 M1184V variant has been reported to increase FIIND domain cleavage 477 

in a previous study21. Analysis of a homology model showing the ZU5 and part of the 478 

UPA subdomains of NLRP1 FIIND suggests that the respective methionine residue is 479 

located in proximity to the proposed catalytic triad consisting of amino acid residues 480 

S1213, H1186 and E1195 (Figure S3). These residues were previously described to 481 

be directly involved in facilitating autolytic proteolysis between F1212 and S121320,21. 482 

Exchanging methionine 1184 to valine could alter the positioning of the catalytic 483 

residues relative to each other, thereby allowing increased proteolysis. However, the 484 

exact molecular mechanism of how substitution of methionine 1184 affects 485 

proteolytic processing remains unclear. Additionally, the effect of M1184V has not yet 486 

been examined in the context of NLRP1 stimulation, either by activating mutations or 487 

DPP9 inhibition. To investigate the functional effect of M1184V on inflammasome 488 

activation, we reconstituted NLRP1 in HEK293T cells stably expressing ASC-RFP. 489 

ASC speck formation was used as a measure for NLRP1 inflammasome activation 490 

and was quantified by flow cytometric analysis as previously described39. NLRP1 WT 491 

and M1184V showed similar baseline levels of ASC speck formation (Figure 1A). 492 

Western blot analysis for NLRP1 full length and N-terminal cleavage fragments (anti-493 

NLRP1), as well as the NLRP1 C-terminal cleavage fragment (anti-Flag) confirmed 494 

increased FIIND domain cleavage by M1184V (Figure 1B). 495 

NLRP1 inflammasome activation was triggered by introducing recently reported 496 

patient mutations into the WT and M1184V NLRP1 constructs. The A66V mutation 497 

was described to activate NLRP1 by destabilizing its PYD24. As expected, 498 

introduction of this mutation into NLRP1 WT resulted in increased ASC speck 499 

formation. In the context of increased FIIND domain cleavage, induced by the 500 

M1184V polymorphism, this effect was enhanced as a further accumulation of ASC 501 

specks was detected (Figure 1A). Increased FIIND domain cleavage for NLRP1 502 

A66V/M1184V was confirmed by western blot analysis (Figure 1B). Introduction of a 503 

different monogenic autoinflammatory disease mutation (P1214R), described to 504 

activate NLRP1 through a loss of DPP9 binding25,36, also resulted in a strong 505 

increase in ASC speck formation. Interestingly, combining this mutation with M1184V 506 

Jo
urn

al 
Pre-

pro
of



Moecking et al.     17 

reduced NLRP1 activity significantly, as quantified by ASC speck formation (Figure 507 

1A). Western blot analysis of the P1214R variant did not show a large increase in the 508 

C-terminal fragment, and combining P1214R with M1184V did not result in a further 509 

increase in C-terminal cleavage. 510 

Thus, we concluded that increased cleavage of NLRP1 for the M1184V variant 511 

liberates more of the active C-terminal fragment, when in combination with mutations 512 

that destabilise the N-terminus, accounting for increased inflammasome activation. 513 

However, this cannot explain the decreased inflammasome activation observed when 514 

M1184V is present in conjunction with the P1214R mutation. Given that P1214R 515 

activates NLRP1 by destabilizing the interaction with DPP9, we performed 516 

immunoprecipitations to see if DPP9 binding was altered due to M1184V. Indeed, 517 

DPP9 binding was abolished by P1214R (Figure 1B). Compellingly, the M1184V 518 

variant increased binding to DPP9, even in the presence of P1214R, explaining how 519 

it inhibits NLRP1 activity in this context. As reported previously, A66V had no effect 520 

on DPP9 binding36, and combination with M1184V also increased binding to DPP9 521 

(Figure 1B). Therefore, when the N-terminus of NLRP1 is destabilised, 522 

inflammasome activation proceeds regardless of DPP9 binding.  523 

To independently confirm the inhibitory effect of M1184V on NLRP1 activation 524 

induced by loss of DPP9 binding, we made use of the DPP9 inhibitor Talabostat. 525 

Consistent with the findings described for NLRP1 M1184V/P1214R, we found that 526 

activation by Talabostat was inhibited for NLRP1 M1184V, however only at lower 527 

thresholds of activation (Figure 2A). Increased DPP9 binding in NLRP1 M1184V after 528 

Talabostat stimulation was also confirmed by immunoprecipitation (Figure 2B). These 529 

results indicate that NLRP1 activation induced by impaired DPP9 binding is reversed 530 

by the M1184V variant, which stabilises the interaction with DPP9. 531 

 532 

Nlrp1−−−−////−−−− mice show increased eosinophil infiltration in asthma model 533 

To better understand the role of Nlrp1 in asthma, we used an alum/OVA mouse 534 

model. Noteworthy, mice variants of Nlrp1 were reported to naturally carry a valine at 535 

the position corresponding to the human M118421. We confirmed this finding by 536 

multiple sequence alignment of the amino acid sequence of NLRP1 in different 537 

organisms. Interestingly, we found that within the analysed sequences, including 538 

sequences from different primate species, only humans have methionine as the 539 

canonical amino acid at position 1184 (Figure S4). 540 
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Airway inflammation in mice was assessed by comparing immune cell infiltration 541 

into the lung and cytokine levels of WT and Nlrp1−/− mice. Histological comparison of 542 

lung sections of WT and Nlrp1−/− mice revealed no overt difference. Nlrp1−/− mice 543 

showed no pathology at baseline (Figure 3A) and both groups developed alveolitis 544 

and showed immune cell infiltration into the airways and lung vessels following 545 

alum/OVA treatment. Immune cell infiltration into the lung was measured by flow 546 

cytometric analysis of the lungs after bronchoalveolar lavage of alum/OVA-treated 547 

mice. Interestingly, Nlrp1−/− mice showed increased eosinophilia compared to WT 548 

mice, suggesting a protective effect of NLRP1 in asthma (Figure 3B). Levels of 549 

monocytes/macrophages, neutrophils, Th2 cells and ILC2s were comparable for both 550 

WT and Nlrp1−/− mice (Figure 3B and C). A protective effect of Nlrp1 in the asthma 551 

model was also indicated by an increase of IL-13 in the bronchoalveolar lavage 552 

(BAL) fluid of Nlrp1−/− mice (Figure 3D). IL-4 and IL-5 levels were comparable for WT 553 

and Nlrp1−/− mice (Figure 3D). Furthermore, IgE levels were comparable in the serum 554 

and BAL fluid of WT and Nlrp1−/− mice (Figure 3E). 555 

 556 

Active Nlrp1 protects against asthma model in mice independently of IL-1 557 

The results obtained from Nlrp1−/− mice suggest a protective effect of Nlrp1 activation 558 

in the asthma model. Therefore, we wanted to further investigate the role of the 559 

proinflammatory cytokines IL-1β and IL-18 in mediating protection during asthma, 560 

since both cytokines are released upon Nlrp1 activation. To this end, we first looked 561 

at immune cell infiltration and cytokine levels in Il1r−/− and Il1r−/−/Neut1m/m mice during 562 

asthma. Neut1m/m mice were described to have an NLRP1a variant carrying an 563 

activating mutation (Q593P)40. Although Neut1m/m mice have spontaneous lung 564 

inflammation, this is totally resolved in Il1r−/−/Neut1m/m mice, which can be used in 565 

models of disease to establish effects that are independent of IL-1R. Il1r−/−/Neut1m/m 566 

mice exhibited decreased eosinophilia in the lung during asthma (Figure 4A), 567 

indicating a protective effect of NLRP1 activity even in the absence of IL-1R. This 568 

was further supported by a decrease in IL-5 and IL-13 levels in the BAL fluid of 569 

alum/OVA-treated Il1r−/−/Neut1m/m mice compared to Il1r−/− mice (Figure 4C). Levels 570 

of monocytes/macrophages, neutrophils, Th2 cells and ILC2s were comparable for 571 

both groups (Figure 4A and B). IL-4 levels in the BAL fluid of both groups were also 572 

similar (Figure 4C). 573 
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Since the protective effect of NLRP1 in asthma was independent of IL-1R 574 

signalling, we hypothesized that IL-18 plays a major role in mediating protection. We 575 

therefore investigated asthma pathology in Il1r−/−Il18−/− and Il1r−/−Il18−/−Neut1m/m mice. 576 

Again, we looked at immune cell infiltration into the lungs of these mice and at 577 

cytokine levels in the BAL fluid. Interestingly, there were no differences in 578 

eosinophilia or IL-5 and IL-13 cytokine levels observed for both groups (Figure 4D 579 

and F). In addition, the levels of monocytes/macrophages, neutrophils, Th2 cells and 580 

ILC2s were also comparable for both groups (Figure 4D and E). These results 581 

indicate a role for IL-18 in mediating protection to asthma in an NLRP1-dependent 582 

manner. 583 

 584 

 585 

Discussion 586 

 587 

The herein presented data is consistent with literature covering genetic associations 588 

of the inflammasome and IL-18 to asthma and further advances our understanding of 589 

the role of NLRP1 in this chronic disease10–12,22,51,52. One limitation of our approach 590 

was to interrogate NLRP1 haplotypes that were previously established in vitiligo and 591 

other autoimmune disorders45, so we may not have captured haplotype effects that 592 

were specific to asthma. Additionally, a larger or more diverse asthmatic population 593 

than what we currently have available would be needed to replicate and validate 594 

these genetic associations. Our in vivo data establish that activation of Nlrp1a is 595 

protective in mouse models of this condition,51 via IL-18. Extrapolating from this, we 596 

provide evidence that the M1184V allele results in decreased inflammasome 597 

activation in the context of DPP9 inhibition. This would be consistent with the allele 598 

providing an increased disease risk, which we confirmed by genetic analysis of 599 

asthma patients. 600 

Our findings are novel because until now, studies looking at the role of M1184V 601 

did not activate the NLRP1 inflammasome with a specific stimulus. Using patient 602 

mutations that destabilise the N-terminus, or DPP9 inhibiting mutations/molecules, 603 

we are the first to observe that there is a dichotomous response, with the former 604 

resulting in increased inflammasome activation, and the latter resulting in decreased 605 

inflammasome activation. Previously, it was documented that M1184V can increase 606 

autocatalytic cleavage of NLRP121, and that this could account for increased 607 

activation in the presence of N-terminal destabilising mutations. This is consistent 608 

with the observation that, where genetic information was available, all patients with 609 
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dominantly inherited destabilising N-terminal mutations have also possessed the 610 

M1184V allele, thus increasing NLRP1 activity24. On the other hand, we now show 611 

that M1184V also increases binding to DPP9. Consequently, this would prevent its 612 

activation by DPP9 inhibition, which we also observed (Figure 1 and 2). 613 

Dichotomous effects of M1184V on NLRP1 activation are also consistent with 614 

dichotomous effects in human diseases. Gathering all known disease associations 615 

for this allele, it is clear that a protective/causative role is not always consistent with 616 

inflammasome inhibition/activation, respectively (Table 3). Therefore, we suggest 617 

that in conditions such as asthma, where M1184V contributes to disease but NLRP1 618 

has a protective role, the underlying mechanism of activation for NLRP1 resembles 619 

DPP9 inhibition. In contrast, for conditions where M1184V and NLRP1 both 620 

contribute to disease, NLRP1 inflammasome activation would be mediated via 621 

destabilisation of the N-terminus. 622 

Previously, deletion of Nlrp1b was found to protect mice against inflammation in 623 

the lung due to inhalation of anthrax lethal toxin53. This is consistent with the 624 

mechanism of that disease model being dependent on IL-1b and neutrophil influx. In 625 

contrast, our data to demonstrate that activation of Nlrp1 can prevent a model of 626 

asthma is consistent with results from a model of bleomycin induced lung fibrosis54. 627 

In that model, Talabostat (PT100) inhibition of DPP9 reduced collagen deposition 628 

and inflammation, which would agree with Nlrp1 activation providing a protective 629 

effect in vivo, presumably via IL-1855. Given that insufficient NLRP1 exacerbated 630 

eosinophilia and IL-13 levels in the mouse model we studied, it is conceivable that 631 

blocking this axis with agents such as IL-4Rα may work more effectively in carriers of 632 

the NLRP1 M1184V variant. However, there are critical differences between NLRP1 633 

in humans and mice, so the conclusions from our work need to be viewed in this 634 

context. 635 

Collectively, this work defines the role of NLRP1 in asthma at a molecular level, 636 

and explains how the M1184V risk factor decreases activation in the context of DPP9 637 

inhibition. This has implications for targeted therapies in asthma, and broader 638 

considerations for the NLRP1 inflammasome in other diseases associated with the 639 

M1184V allele. 640 
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 930 

Figure Legends 931 

 932 

Figure 1: M1184V has divergent effects on NLRP1 activation due to altered 933 

DPP9 binding. (A) 3.5x104 HEK 293T cells stably expressing a human ASC-RFP 934 

fusion protein were stably reconstituted with dox-inducible NLRP1-T2A-GFP (WT or 935 

indicated mutant). Cells were harvested 12h post doxycycline induction and analysed 936 

for ASC speck formation by flow cytometric measurement. (B) 2.5x105 HEK293T 937 

cells were transfected with 500 ng of a vector control or a plasmid encoding human 938 

NLRP1-3xFLAG (WT or indicated mutant). 18h post transfection cells were 939 

harvested, and immunoprecipitation was performed for analysis of protein expression 940 

by western blot. Data in A is 3 biological replicates, representative of 3 independent 941 

experiments. fl: NLRP1 full-length, Nt: N-terminal fragment, Ct: C-terminal fragment. 942 

Data are mean ± SEM. P values were calculated using un-paired t-test between two 943 

groups. ***p<0.001, ****p<0.0001. 944 

 945 

Figure 2: Activation of NLRP1 by Talabostat is reduced for M1184V due to 946 

enhanced DPP9 binding. (A) 3.5x104 HEK293T cells stably expressing a human 947 

ASC-RFP fusion protein were stably reconstituted with dox-inducible NLRP1-T2A-948 

GFP (WT or M1184V). 16 h post doxycycline treatment, cells were stimulated with 949 

fresh medium containing increasing concentrations of Talabostat or the highest 950 

equivalent amount of DMSO and incubated for 6 h. Cells were harvested and ASC 951 

speck formation analysis was performed by flow cytometry. (B) 2.5x105 HEK293T 952 

cells were transfected with 500 ng of a vector control or NLRP1-3xFLAG (WT or 953 

M1184V). 18 h post transfection, cells were stimulated with 2µM Talabostat or an 954 

equivalent amount of DMSO as described in A. Following the treatment, cells were 955 

harvested, and immunoprecipitation was performed for protein expression by western 956 

blot. Data in A is 3 biological replicates, representative of 3 independent experiments. 957 

Data in A was pooled from 3 independent experiments. fl: NLRP1 full-length, Nt: N-958 

terminal fragment, Ct: C-terminal fragment. Data are mean ± SEM. P values were 959 

calculated using un-paired t-test between two groups. ***p<0.001, ****p<0.0001. 960 

 961 

Figure 3: OVA-treated Nlrp1−−−−////−−−− mice show increased lung eosinophilia and 962 

elevated IL-13 levels. (A) Representative hematoxylin and eosin histology of left 963 

lung lobe from WT and Nlrp1−/− mice show no overt differences, either before or after 964 

OVA treatment. (B) Numbers of eosinophils (Eos), monocytes/macrophages 965 

(Mono/Mac) and neutrophils (Neut), and of (C) Th2 and ILC2 cells in the lungs of 966 

OVA-treated WT and Nlrp1−/− mice. (D) Cytokine levels in the bronchoalveolar lavage 967 

(BAL) fluid of OVA-treated WT and Nlrp1−/− mice. (E) Serum and BAL fluid IgE levels 968 

of OVA-treated WT and Nlrp1−/− mice. Data are mean ± SEM. Representative of 3 969 

independent experiments. P values were calculated using un-paired t-test between 970 

two groups. *p<0.05, **p<0.01.  971 
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Figure 4: Protective effect of Nlrp1 in asthma model requires IL-18 972 

signalling. Mice carrying an activating mutation of Nlrp1a (Q593P), referred to as 973 

Neut1m/m are overtly healthy on the Il1r−/− background, and studied compared to Il1r−/− 974 

as control in the alum/OVA asthma model for; (A) Numbers of eosinophils (Eos), 975 

monocytes and macrophages (Mono/Mac) and neutrophils (Neut) in the lungs; (B) 976 

Numbers of Th2 cells and ILC2s in the lungs; (C) Cytokine levels measured in the 977 

BAL fluid. Il1r−/−Il18−/−Neut1m/m mice were next investigated compared to Il1r−/−/Il18−/− 978 

as control and studied in the alum/OVA asthma model for; (D) Numbers of 979 

eosinophils (Eos), monocytes and macrophages (Mono/Mac) and neutrophils (Neut) 980 

in the lungs; (E) Numbers of Th2 cells and ILC2s in the lungs; (F) Cytokine levels 981 

measured in the BAL fluid. Data are mean ± SEM. A-C representative of 2 982 

independent experiments. P values were calculated using un-paired t-test between 983 

two groups. *p<0.05. 984 
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Supplemental Table 1a. GALA II Mexican American Study Participant Demographics 

(Discovery Dataset) 
 

 Asthma 
Cases 

Asthma 
Controls 

P-Value2 

N 610 295 ********* 
Age  

(Mean[SE]) 
12.6 [0.12] 15.0 [0.2] 2.20E-16 

Sex  
(% Female) 42.60% 59.30% 3.45E-063 

Obese2 
(N Obese / N non-Obese) 254/356 85/210 2.49E-043 

 
 

Supplemental Table 1b. GALA II Puerto Rican Study Participant Demographics 
(Replication Dataset) 

 
 Asthma 

Cases 
Asthma 
Controls P-Value2 

N 1078 340 ********* 
Age  

(Mean[SE]) 
12.5 [0.1] 12.9 [0.1] 0.002 

Sex  
(% Female) 

45.92% 56.18% 0.00123 

Obese2 
(N Obese / N non-Obese) 320/758 78/262 0.023 

 
 

Supplemental Table 1c. SAGE African American Study Participant Demographics 
(Replication Dataset) 

 
 Asthma 

Cases 
Asthma 
Controls P-Value2 

N 877 379 ********* 
Age  

(Mean[SE]) 
14.1 [0.1] 16.2 [0.2] 2.20E-16 

Sex  
(% Female) 

48.35% 57.52% 0.00353 

Obese2 
(N Obese / N non-Obese) 

320/758 78/262 0.00553 
1 Obesity Definition: Obese = BMI > 95th percentile; Non-Obese = BMI ≤P 95th 
percentile 
2Values presented were produced using the Wilcoxon Rank Sum test unless 
otherwise indicated. 
 

3P-Value presented was generated using the X2 test. 
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Supplemental Table 2a. Single Nucleotide Polymorphism (SNP) Allele Frequencies 
in Mexican Americans 

    Effect Allele Frequency 

Variant ID rs ID Effect 
Allele 

Alternate 
Allele 

Asthma 
Cases 

Asthma 
Controls 

All 
Participants 

L155H rs12150220 T A 0.44 0.39 0.42 
V1059M rs2301582 T C 0.42 0.36 0.40 
M1184V rs11651270 C T 0.47 0.42 0.45 

 
Supplemental Table 2b. Single Nucleotide Polymorphism (SNP) Allele Frequencies 

in Puerto Ricans 
 

    Effect Allele Frequency 

Variant ID rs ID Effect 
Allele 

Alternate 
Allele 

Asthma 
Cases 

Asthma 
Controls 

All 
Participants 

L155H rs12150220 T A 0.29 0.30 0.30 
V1059M rs2301582 T C 0.27 0.27 0.28 
M1184V rs11651270 C T 0.42 0.40 0.42 

  
Supplemental Table 2c. Single Nucleotide Polymorphism (SNP) Allele Frequencies in 

African Americans 
 

    Effect Allele Frequency 

Variant ID rs ID Effect 
Allele 

Alternate 
Allele 

Asthma 
Cases 

Asthma 
Controls 

All 
Participants 

L155H rs12150220 T A 0.11 0.11 0.12 
V1059M rs2301582 T C 0.14 0.15 0.14 
M1184V rs11651270 C T 0.52 0.50 0.52 

 
  
  Jo

urn
al 

Pre-
pro

of



Moecking et al.     3 

 
Supplemental Table 3. Imputation Quality Control Metrics 

Variant ID rs ID Alleles Imputation R2 
R1366C rs2137722 G/A +++ 

****** rs6502867 T/C +++ 
V1241L rs11653832 C/G +++ 
M1184T rs146932154 A/G 0.98 
M1184V rs11651270 T/C 0.99 
M1119V rs35596958 T/C +++ 
V1059M rs2301582 C/T +++ 

T995I rs34733791 G/A +++ 
T878M rs11657747 C/A 0.99 
T782S rs52795654 G/C 0.99 
T246S rs11651595 G/C 0.99 
L155H rs12150220 A/T 0.99 
****** rs2670660 A/G 0.99 
****** rs8182352 C/T 0.99 

*No Variant ID 
+SNP was directly genotyped on the LAT1 genotyping Array 
 
 
 
Supplemental Table 4. NLRP1 Haplotype Definitions 
   NLRP1 Haplotype Definitions 
Variant ID rs ID Alleles 1 1C 2A 2B 3 
R1366C rs2137722 G/A G G G G A 

****** rs6502867 T/C T C T T C 
V1241L rs11653832 C/G C C C C G 
M1184T rs146932154 A/G A A A G A 
M1184V rs11651270 T/C T T C C C 
M1119V rs35596958 T/C T T T T C 
V1059M rs2301582 C/T C C T T C 

T995I rs34733791 G/A G G G G A 
T878M rs11657747 C/A G G G G A 
T782S rs52795654 G/C G G G G C 
T246S rs11651595 G/C G G G G C 
L155H rs12150220 A/T A A T T T 
****** rs2670660 A/G A A G G G 
****** rs8182352 C/T T T C C C 

Reference haplotype used for regression analyses is highlighted in BOLD. 
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Supplemental Table 5a. NLRP1 Haplotype Frequencies by Asthma Status in 

Mexican Americans 
 

 Haplotype Frequency 

 
Asthma Cases Asthma Controls Overall 

Haplotype 1  0.31 0.38 0.33 
Haplotype 1C 0.17 0.15 0.17 
Haplotype 2A 0.14 0.11 0.13 
Haplotype 2B 0.25 0.22 0.24 
Haplotype 3 0.01 0.02 0.01 

Reference haplotype used for regression analyses is highlighted in BOLD. 
 
Supplemental Table 5b. NLRP1 Haplotype Frequencies by Asthma Status in Puerto 

Ricans 

 Haplotype Frequency 

 Asthma Cases Asthma Controls Overall 
Haplotype 1  0.31 0.30 0.31 
Haplotype 1C 0.16 0.19 0.17 
Haplotype 2A 0.17 0.17 0.17 
Haplotype 2B 0.05 0.05 0.06 
Haplotype 3 0.01 0.02 0.02 

Reference haplotype used for regression analyses is highlighted in BOLD. 
 
 
Supplemental Table 5c. NLRP1 Haplotype Frequencies by Asthma Status in African 

Americans 

 
Haplotype Frequency 

 Asthma Cases Asthma Controls Overall 
Haplotype 1  0.35 0.35 0.35 
Haplotype 1C 0.04 0.04 0.04 
Haplotype 2A 0.06 0.06 0.06 
Haplotype 2B 0.007 0.008 0.008 
Haplotype 3 0.02 0.02 0.02 

Reference haplotype used for regression analyses is highlighted in BOLD. 
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Supplemental Table 6a: NLRP1 Haplotypes Associated with Asthma Status in Puerto 
Rican Children from the GALA II Study. 
 

 
Supplemental Table 6b: NLRP1 Haplotypes Associated with Asthma Status in 
African American Children from the SAGE II Study. 
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Odds 
Ratio 

95% 
Confidence 

Interval 
P-Value 

Haplotype 1 G T C A T T C G G G G A A T REFERENCE HAPLOTYPE 
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Supplemental Table 7a: NLRP1 Variant Association with Asthma Status in Puerto 
Rican Children from the GALA II Study. 
 

Variant rs ID Effect 
Allele 

Effect Allele 
Frequency 

Odds 
Ratio 

95% Confidence 
Interval 

P-Value 

L155H rs12150220 T 0.30 0.94 0.78-1.14 0.55 
V1059M rs2301582 T 0.28 1.00 0.83-1.21 0.99 
M1184V rs11651270 C 0.42 1.04 0.88-1.24 0.64 

 
Supplemental Table 7b: NLRP1 Variant Association with Asthma Status in African 
American Children from the SAGE II Study. 
 

Variant rs ID 
Effect 
Allele 

Effect Allele 
Frequency 

Odds 
Ratio 

95% Confidence 
Interval P-Value 

L155H rs12150220 T 0.12 1.05 0.78-1.40 0.76 
V1059M rs2301582 T 0.14 0.99 0.77-1.28 0.97 
M1184V rs11651270 C 0.52 

 

1.08 0.91-1.29 0.38 
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Table 1: NLRP1 Haplotypes Associated with Asthma Status in Mexican American 
Children from the GALA II Study. 

 
 
Haplotypes significantly associated with Asthma Status, after correction for multiple 
testing, are highlighted in BOLD.  
 
 
 
 
Table 2: NLRP1 Variants Associated with Asthma Status in Mexican American 
Children from the GALA II Study. 
 

Variant rs ID Effect 
Allele 

Effect Allele 
Frequency 

Odds 
Ratio 

95% Confidence 
Interval 

P-Value 

L155H rs12150220 T 0.42 1.20 0.97 - 1.49 0.09 
V1059M rs2301582 T 0.40 1.28 1.03 - 1.59 0.03 
M1184V rs11651270 C 0.45 1.28 1.03 - 1.59 0.02 

 
Variants significantly associated with Asthma Status after correction for multiple 
testing are highlighted in BOLD. 
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Jo
urn

al 
Pre-

pro
of



Moecking et al.     2 

Table 3: Diseases associated with the M1184V polymorphism 
Disease Odds 

Ratio 
P-value M1184V (rs11651270) 

Contributes/Protects to/from 
Disease 
(PMID) 

Inflammasome 
Contributes/Protects to/from 
Disease 
(PMID) 

Vitiligo and 
associated 
autoimmunity 

1.6 n/a Contributes together with 
L155H/V1059M45 
(23382179) 

IL-1β contributes56,57 
(28082234, 25221996) 

Asthma 3.4 0.013 Contributes22 
(29154202) 
 

IL-1β contributes58–60 
(16210060, 23837489, 
8527954) 
 
IL-18 protects12,51,52 
(12006423, 10629451, 
11972614) 

Breast Cancer n/a 0.013 Potentially contributes61 
(23107584) 
 

IL-1β contributes62 
(30545915) 
 
IL-18 protects63 
(29725393) 

HPV infection 
and associated 
cervical cancer 

0.43 0.003 Protects64 
(26945813) 

IL-1β contributes to cancer65 
(19904560) 
 
IL-18 protects from infection66 
(11470273) 

Crohn’s disease 1.35 0.02 Contributes to inflammatory 
phenotype67 
(20403135) 
 

IL-1β contributes68,69 
(22891275, 7817982) 
 
IL-18 contributes70,71 
(10352304, 10384110) 

Chagas 
cardiomyopathy 

n/a 0.036 Contributes72 
(29438387) 
 

IL-1β involvement unclear73 
(30354432) 
 
IL-18 involvement unclear74 
(25743241) 

Type 1 Diabetes 0.643 0.002 Protects75 
(31396539) 
 

IL-1β unclear76,77 
(23562090, 21518168) 
 
IL-18 contributes78,79 
(25576800, 18359638) 

Diabetic Kidney 
Disease 

0.36 0.01 Protects80 
(29031829) 
 

IL-1β contributes81,82 
(27516236, 31191559) 
 
IL-18 contributes83–85 
(12759891, 16306550, 
17425653) 

Malaria 
(Plasmodium 
vivax) 

n/a n/a Potentially contributes86 
(26946405) 

IL-1β potentially contributes to 
severity87 
(29602073) 
 
IL-18 reduces severity (with 
IL-12)88 
(28615061) 

Bacterial 
meningitis 

2.32 0.023 Potentially contributes89 
(23053059) 
 

IL-1β protects90 
(12707352) 
 
IL-18 contributes to 
inflammation91 
(12742650) 

 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Moecking et al.     1 

Supplementary Figure Legends 
 
Figure S1: Gating strategy for inflammatory cell identification. Debris was gated 
out and beads were identified for quantification. Beads were further defined to 
remove contaminating cells. Doublets were removed and live leukocytes identified 
before gating for granulocyte populations. First, granulocytes were defined as 
CD45.2+, B220- or CD19-, CD11b+ cells and afterwards further separated into 
eosinophils or neutrophils based on Siglec-F+ Ly6G- or Siglec-F- Ly6Ghi, respectively. 
Macrophages/monocytes were defined as Siglec-F-, Ly6G- and CD11b+. 
 
Figure S2: Gating strategy for T cell subset and ILC identification. Debris was 
gated out and beads were identified for quantification. Beads were further defined to 
remove contaminating cells. Doublets were removed and live T lymphocytes were 
defined as CD45+CD3+CD4+. T lymphocytes were further classified as regulatory T 
cells (Treg), Th2 cells or Th17 cells by expression of FoxP3, GATA3 or RORγt, 
respectively. ILCs were defined as CD45+CD3-CD4- cells stratified into ILC2 or ILC3 
by expression of GATA3 or RORγt, respectively. 
 
Figure S3: Homology model of the NLRP1 FIIND domain. The model of the 
NLRP1 FIIND domain (residues 1084-1278) was generated using Swiss ModelE1. 
Secondary structure elements are shown in cartoon representation. Amino acid side 
chains of the cleavage site residues S1211, F1212 as well as the side chains of the 
proposed catalytic triad S1213, H1186 and E1195 and the methionine affected by the 
polymorphism (M1184) are shown in stick representation. M1184 is not in direct 
proximity of the cleavage site but near the catalytic H1186. Potentially, substitution of 
M1184 affects cleavage by changing the positioning of the catalytic histidine, allowing 
it to induce cleavage more efficiently. Images and distance measurements were 
generated using PyMOL. The structure of the cytoplasmic domain of Unc5b (PDB: 
3G5B)E2 served as a template for structure modelling. 
 
Figure S4: Sequence alignment of NLRP1 from different species. Sequence 
alignment of the amino acid sequence of NLRP1 from different organisms. 
Sequences were taken from NCBI. Multiple sequence alignment was performed 
using the Clustal Omega online tool with default settingsE3. Methionine 1184 in 
human NLRP1 and corresponding residues in other species are highlighted. 
Stars/dots in the bottom line indicate similarity (dots) or identity (stars) of the amino 
acids in the respective position. 
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