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The human innate immune system employs a multitude of 
sensor proteins to detect microbial infections and kickstart 
the immune response (1). Nod-like receptor (NLR) proteins 
are a family of innate immune sensors that can detect patho-
gen- and danger-associated molecular patterns (PAMPs and 
DAMPs) (1–3). Upon activation, NLR proteins nucleate the 
assembly of inflammasome complexes, leading to pyroptotic 
cell death and secretion of processed inflammatory cytokines, 
such as IL-1β and IL-18 (4). Among human NLR sensors, 
NLRP1 remains one of the few whose cognate trigger has not 
been identified. Human NLRP1 differs from rodent homologs 
in terms of domain organization, ligand specificity, and tissue 
distribution (5) and its exact role in human antimicrobial re-
sponse is still unclear. However, NLRP1 does play an im-
portant role in inflammatory disorders. Germline activating 
mutations in NLRP1 cause a number of Mendelian syndromes 
characterized by multiple self-healing keratoacanthomas of 
the skin and hyperkeratosis in the laryngeal and corneal epi-
thelia (6–8). Carriers of certain common NLRP1 single-nucle-
otide polymorphisms (SNPs) experience increased risks for 
autoimmune diseases such as asthma and vitiligo (9, 10). 

 
Anthrax lethal factor (LF) is the most well-characterized 

trigger for murine NLRP1B (11–15). LF directly cleaves 
NLRP1B close to its N terminus (13–15). This cleavage causes 
N-degron-mediated degradation of the autoinhibitory N-ter-
minal fragment, freeing the non-covalently bound FIINDUPA-
CARD (a.a.1213-1474) fragment to activate caspase-1 (16–18) 
(Fig. 1A). The consensus LF cleavage site is absent in human 
NLRP1. As a result, LF does not cleave or activate human 
NLRP1. Human NLRP1 also contains a N-terminal PYRIN do-
main not found in rodents (Fig. 1A). Despite these differences, 
both human NLRP1 and rodent homologs can be activated by 
chemical inhibitors of dipeptidases DPP8 and DPP9, alt-
hough the underlying mechanisms remain to be fully eluci-
dated (19–21). Rodent Nlrp1 can also be activated by 
Toxoplasma gondii infection in a process that does not ap-
pear to involve protease-mediated cleavage (22, 23). Thus 
multiple modes of activation exist for NLRP1 from different 
species. It remains an open question as to whether any natu-
rally occurring pathogen-derived molecules can activate hu-
man NLRP1. In this study, we set out to identify the cognate 
pathogen-derived signal(s) that can activate human NLRP1 
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Immune sensor proteins are critical to the function of the human innate immune system. The full repertoire 
of cognate triggers for human immune sensors is not fully understood. Here, we report that human NLRP1 
is activated by 3C proteases (3Cpros) of enteroviruses, such as human rhinovirus (HRV). 3Cpros directly 
cleave human NLRP1 at a single site between Glu130 and Gly131. This cleavage triggers N-glycine–mediated 
degradation of the autoinhibitory NLRP1 N-terminal fragment via the cullinZER1/ZYG11B complex, which 
liberates the activating C-terminal fragment. Infection of primary human airway epithelial cells by live 
human HRV triggers NLRP1-dependent inflammasome activation and IL-18 secretion. Our findings establish 
3Cpros as a pathogen-derived trigger for the human NLRP1 inflammasome and suggest that NLRP1 may 
contribute to inflammatory diseases of the airway. on O
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and assess the mechanisms by which they activate the NLRP1 
inflammasome. 
 
3Cpros activate human NLRP1 in vitro 
In a survey of common human pathogens, we considered the 
human rhinovirus (HRV), which is the major causative agent 
for the common cold. HRV is a member of the Picornaviridae 
family of single-stranded RNA viruses, which cause a wide 
range of human diseases, including hand-foot-and-mouth 
disease, peri/myocarditis, and poliomyelitis (24). HRV infec-
tion of primary human bronchial epithelial cells can induce 
caspase-1 activation and IL-1 secretion (24, 25), although the 
upstream sensing mechanisms are unclear. Notably, all picor-
naviruses, including HRVs, encode two well-defined prote-
ases termed 2Apro and 3Cpro. These proteases are 
responsible for cleaving the viral genomic precursor proteins 
into individual components (26), and have also been shown 
to cleave host proteins to facilitate immune evasion (27–30). 

To test whether HRV-3Cpro can activate human NLRP1, 
we expressed Myc-tagged HRV-3Cpro in a 293T reporter cell 
line that stably expressed ASC-GFP and NLRP1-FLAG 
(termed 293T-ASC-GFP-NLRP1-FLAG). As compared to vec-
tor-transfected cells, 3Cpros derived from two strains of HRV 
(HRV-14, serotype B and HRV16, serotype A) and a closely 
related enterovirus (coxsackie B3) induced a significant in-
crease in the percentage of cells aggregating ASC-GFP specks 
(Fig. 1B and fig. S1, A and B), similar to the dipeptidase inhib-
itor, talabostat. By contrast, none of the other viral proteases 
tested were able to do so (Fig. 1B and fig. S1, A and B), despite 
similar or even higher levels of expression. The ability of 
HRV14-3Cpro to activate human NLRP1 was entirely depend-
ent on its enzymatic activity, since mutating its catalytic cys-
teine residue (p.C146A) abrogated ASC-GFP speck formation 
(Fig. 1B and fig. S1B). In an orthogonal assay for NLRP1 acti-
vation, HRV14-3CPro and HRV16-3Cpro directly induced the 
formation of high-molecular weight NLRP1 oligomers by na-
tive polyacrylamide gel electrophoresis (PAGE) at the ex-
pense of monomeric NLRP1 (fig. S1C). These findings 
establish enteroviral 3Cpros, such as those encoded by HRV, 
as robust activators for the reconstituted human NLRP1 in-
flammasome in vitro. 

We and others have recently demonstrated that primary 
and immortalized human keratinocytes express components 
of the NLRP1 inflammasome complex endogenously and can 
undergo rapid pyroptosis in response to inflammasome ago-
nists (7, 19). This provides a robust cellular system to deter-
mine if 3Cpros can activate the endogenous NLRP1 
inflammasome. Immortalized human keratinocytes stably ex-
pressing GFP-tagged ASC and transfected with HRV14-3Cpro 
formed ASC-GFP specks and underwent membrane permea-
bilization marked by propidium iodide (PI) staining (fig. 
S1D). Using a doxycycline-inducible expression system, we 

showed that only keratinocytes expressing active HRV14-
3Cpro demonstrated cardinal features of pyroptosis, includ-
ing the secretion of cleaved, mature IL-1β and the formation 
of detergent-insoluble ASC oligomers (Fig. 1D). This occurred 
despite the lower expression of wild-type 3Cpro compared to 
its inactive mutant (p.C146A) (Fig. 1D). The effect of 3Cpro 
requires continuous proteasome activity, as the proteasomal 
inhibitor MG132 significantly blocked HRV-3Cpro-induced 
ASC-GFP speck formation (Fig. 1C) in 293T-ASC-GFP-NLRP1 
cells, as well as NLRP1 self-oligomerization (fig. S1C) and ASC 
oligomerization and IL-1β cleavage (Fig. 1D). Therefore, 
3Cpro-induced human NLRP1 activation may also involve a 
functional degradation step that is analogous to LF-induced 
mouse NLRP1B activation. 

HRV14-3Cpro-induced pyroptosis was entirely dependent 
on NLRP1, as its genetic ablation by CRISPR-Cas9 (NLRP1−/− 
Tet-ON HRV14-3Cpro) abrogated IL-1β secretion, ASC oli-
gomerization (Fig. 1E and fig. S2A), and lytic cell death (Fig. 
1F). In experiments with transiently transfected HRV14-
3Cpro and HRV16-3Cpro, NLRP1, ASC, and CASP1 deletion all 
had similar inhibitory effects (fig. S2, B to D). Therefore, 
HRV-3Cpro can act as a potent trigger of pyroptotic cell death 
in immortalized human keratinocytes by activating the en-
dogenous NLRP1 inflammasome. Similar to reconstituted 
NLRP1 in 293T cells (Fig. 1C and fig. S1C), this effect also re-
quired intact proteasome activity (fig. S1D). We also observed 
that a subset of 3Cpro-expressing keratinocytes underwent 
apoptotic cell death with Annexin V staining but without PI 
inclusion (fig. S2E), in agreement with the reported pro-apop-
totic roles of 3Cpros in other cell types (31, 32). 
 
3Cpros cleave human NLRP1 between p. Q130 and G131 
Picornaviral 3Cpros, including HRV-3Cpro, are cysteine pro-
teases with well-defined catalytic activity and substrate pref-
erences (26, 33). Just as anthrax LF cleaves rodent NLRP1B 
directly (15, 34), we hypothesized that 3Cpros could activate 
human NLRP1 via direct cleavage. Overexpressed NLRP1 un-
dergoes auto-cleavage within its FIIND and thus appears as 
two bands that differ by ~20 kDa when visualized with an N-
terminal specific antibody (35, 36) (Fig. 2, A and B). In the 
presence of HRV14-3Cpro, two additional bands were visual-
ized using the same antibody (Fig. 2B). By contrast, the C-
terminal FIINDUPA-CARD fragment remained intact, suggest-
ing that the HRV14-3Cpro cleaved NLRP1 at a single site close 
to the N terminus, and not within the FIINDUPA-CARD frag-
ment. To visualize the 3Cpro-specific cleavage more precisely, 
the same experiment was carried out using the NLRP1F1212A 
mutant, which cannot undergo auto-cleavage within the 
FIIND and thus remained a single band by SDS PAGE (fig. 
S3A). With increasing amounts of HRV14-3Cpro, NLRP1F1212A 
became cleaved into a single proteolytic product, which was 
approximately 20 kDa smaller than full-length NLRP1 (fig. 
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S3A). In both experiments, the proteolytic banding patterns 
could be explained by a single cleavage site approximately 20 
kDa from the NLRP1 N terminus. The same cleavage could be 
observed when NLRP1-expressing cell-free lysate was incu-
bated with recombinant HRV14-3Cpro at 33°C (the preferred 
temperature for HRV infection) (fig. S3B). Based on these ob-
servations, the 3Cpro cleavage site was mapped to the linker 
region immediately after the PYRIN domain (PYD) (Fig. 2A), 
a region that is not conserved in rodents. As 3Cpros require 
a glutamine residue at the P1′ substrate site (33), each of the 
11 glutamine residues present in this linker region was 
changed to alanine by site-directed mutagenesis. Of all the 
mutants tested, only the p.Q130A missense mutation abro-
gated NLRP1 cleavage by HRV14-3Cpro (Fig. 2C) and other 
3CPros (fig. S3C). We next generated reporter 293T-ASC-GFP 
cells that stably expressed either wild-type NLRP1 or the un-
cleavable Q130A mutant (NLRP1Q130A) (Fig. 2D). In contrast to 
wild-type NLRP1, NLRP1Q130A-expressing cells no longer nu-
cleated ASC-GFP specks in response to HRV14-3Cpro expres-
sion. However, their response to talabostat remained the 
same as wild-type NLRP1-expressing cells (Fig. 2E). Similar 
results were obtained using transfected NLRP1Q130A and 
HRV16-3Cpro (fig. S3D). 

To study the endogenous inflammasome response, we res-
cued human NLRP1−/− keratinocytes with either wild-type 
NLRP1 or the cleavage site mutant NLRP1Q130A. Only wild-type 
NLRP1, but not NLRP1Q130A, restored HRV14-3Cpro-triggered 
IL-1β secretion, ASC oligomerization (Fig. 2F and fig. S4, A 
and B) and lytic cell death (Fig. 2G and fig. S2C). By contrast, 
both wild-type NLRP1 and NLRP1Q130A enabled NLRP1−/− cells 
to respond to talabostat (Fig. 2, F and G, and fig. S4A). Thus, 
3Cpro-triggered NLRP1 activation is a result of a discrete 
cleavage site between a.a. Q130 and a.a. G131, adjacent to the 
human-specific PYRIN domain. This site is not conserved in 
rodents, and as expected, HRV14-3Cpro did not induce pyrop-
totic cell death in murine RAW264.7 cells (fig. S4, C to E). 
This is consistent with the fact that HRV, like most patho-
genic human enteroviruses, do not naturally infect rodents 
(37). 
 
Degradation of the 3Cpro cleavage fragment (a.a. 131-
1212) is required for NLRP1 activation 
We next sought to further dissect how the cleavage of human 
NLRP1 by 3Cpros triggers proteasome-dependent inflam-
masome activation. Cleavage of human NLRP1 by HRV-3Cpro 
removes the entire PYRIN domain (PYD) where most disease-
causing gain-of-function germline mutations occur (Fig. 1A) 
(6, 7, 38, 39). It is conceivable that 3Cpro cleavage relieves an 
intrinsic autoinhibitory effect of the non-canonical NLRP1 
PYD domain. Alternatively, the cleavage could trigger the de-
stabilization of the entire N-terminal fragment (between the 
3Cpro cleavage site and the FIIND auto-proteolysis site, a.a. 

131-1212). To distinguish between these two possibilities, we 
examined a truncation mutant of NLRP1 (a.a. 131-1474), 
which mimics the major product generated by HRV14-3Cpro 
cleavage except for the initiating methionine. Unexpectedly, 
this mutant did not cause increased ASC-GFP speck for-
mation relative to wild-type NLRP1 in 293T-ASC-GFP cells, 
despite being fully sensitive to talabostat-mediated activation 
(Fig. 3A and fig. S5A). Thus, the removal of NLRP1 PYD ap-
pears to be insufficient by itself to account for HRV-3Cpro 
triggered NLRP1 activation. 

Recently the mechanism by which anthrax LF activates 
NLRP1B has been reported (16, 17, 40). LF cleavage creates an 
N-terminal degron that is recognized by the Type II N-degron 
receptors, such as UBR2, which degrade the inhibitory 
NLRP1B N-terminal fragment via the proteasome (Fig. 3B). 
We therefore hypothesized that an analogous pathway may 
account for the ability of HRV-3Cpro to activate human 
NLRP1. However, HRV-3Cpro cleavage of human NLRP1  
generates an N-terminal glycine, which is not a canonical 
type II N-terminal degron recognized by related UBR pro-
teins (41, 42). A glycine-specific N-degron pathway has re-
cently been described (43), which consists of receptors ZER1 
and ZYG11B and their partner cullins, CUL2 and CUL5 
(termed cullinZER1/ZYG11B). The cullinZER1/ZYG11B machinery ubiq-
uitinates substrate proteins with N-terminal glycine residues 
and causes their degradation via the proteasome. In contrast 
to the UBR system, the N-glycine degron pathway is not sen-
sitive to type II free amino acids, but can be inhibited by the 
NEDD8/cullin inhibitor MLN4924 (43) (Fig. 3B). In 293T-
ASC-GFP-NLRP1 reporter cells, MLN4924 blocked HRV14-
3Cpro-induced ASC-GFP speck formation (Fig. 3C), compara-
ble to proteasomal inhibitors MG132 and bortezomib. 
MLN4924 similarly blocked HRV14-3Cpro NLRP1 self-oli-
gomerization (Fig. 3D) in 293T-NLRP1-FLAG cells. Notably, 
MLN4924 stabilized the post-cleavage NLRP1 fragment (cor-
responding to a.a. 131-1212, taking into account FIIND auto-
proteolysis) equivalently to MG132 and bortezomib (Fig. 3D). 
Type II N-degron inhibitor phenylalanine had no effect on 
either ASC-GFP speck formation or NLRP1 self-oligomeriza-
tion (Fig. 3, C and D). Similarly, in keratinocytes, both 
MLN4924 and bortezomib completely blocked mature IL-1β 
secretion and ASC oligomerization upon HRV14-3Cpro in-
duction (Fig. 3E and fig. S5C) and stabilized the post-cleavage 
NLRP1 fragment (fig. S5C). MLN4924 had much smaller ef-
fect on talabostat-induced IL-1β secretion in keratinocytes 
(fig. S5B). Thus, the cullinZER1/ZYG11B system does not appear to 
fully account for talabostat-mediated NLRP1 activation. 

Given the known pleiotropic effects of MLN4924, we used 
CRISPR-Cas9 to delete ZER1 and ZYG11B (termed ZZ-dKO) in 
293T-ASC-GFP reporter cells (data S1). The percentage of 
ASC-GFP specks in clonal ZZ-dKO 293T-ASC-GFP cells was 
significantly reduced following co-expression of wild-type 
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NLRP1 and HRV14-3Cpro. By contrast, UBR2−/− cells were not 
significantly different from Cas9 control 293T-ASC-GFP cells 
(Fig. 3F and fig. S5E). As an additional control, we examined 
the patient-derived gain-of-function NLRP1 mutation, p. 
M77T, which by itself causes the destabilization of the N-ter-
minal fragment (fig. S5A). Indeed, the percentage of ASC-GFP 
speck–forming cells induced by NLRP1M77T did not differ 
among ZZ-dKO, UBR2−/−, and control cells (Fig. 3F and fig. 
S5E). Therefore, cullinZER1/ZYG11B is specifically required for 
HRV14-3Cpro triggered human NLRP1 activation. The 3Cpro-
cleaved NLRP1 fragment (a.a. 131-1212) was significantly sta-
bilized in ZZ-dKO cells relative to control cells (Fig. 3G), but 
not in UBR2−/− cells (fig. S5D). Thus, the 3Cpro-cleaved 
NLRP1 N-terminal fragment is a substrate for the cullin-
ZER1/ZYG11B-mediated N-terminal glycine degron pathway. 
 
Live HRV infection activates the NLRP1 inflammasome 
in primary airway epithelial cells 
We next tested the effect of live HRV infection in disease-rel-
evant human epithelial cell types. In HeLa-Ohio cells overex-
pressing NLRP1-HA, robust HRV16 viral replication was 
achieved 16 hours post inoculation (MOI = 1), evidenced by 
the accumulation of the viral capsid protein VP2 (fig. S6A, 
lanes 4, 5, 10, and 11). This was accompanied by the appear-
ance of the approximately 120-kDa NLRP1 cleavage product 
in infected cells (fig. S6A). The small molecule pan-HRV-
3Cpro inhibitor, rupintrivir completely abrogated NLRP1 
cleavage (fig. S6A). Using HeLa-Ohio cells expressing ASC-
GFP, we tested whether HRV16 infection could induce NLRP1 
inflammasome complex assembly. Although HeLa-Ohio cells 
demonstrated less NLRP1 inflammasome activation than 
keratinocytes or HEK293T cells, HRV16 and talabostat 
caused significant ASC-GFP oligomerization (fig. S6B). These 
effects were only observed in HeLa-Ohio-ASC-GFP cells ex-
pressing wild-type NLRP1, but not in cells expressing the 
cleavage-resistant NLRP1Q130A mutant (fig. S6B). Thus, live 
HRV16 infection causes 3Cpro-dependent NLRP1 cleavage 
and activates the reconstituted human NLRP1 inflam-
masome. 

HRV is one of the most common human viral pathogens 
responsible for respiratory tract infections. Human airway 
epithelial cells (AECs) are known to endogenously express 
multiple dsRNA sensors such as TLR3, MDA5, and RIG-I, 
which all participate in antiviral defense. However, the rep-
ertoire of endogenous inflammasome components expressed 
in these cells has not been fully characterized. By examining 
published RNA-seq datasets, we found that primary AECs 
(44–48) express a very restricted repertoire of NLR sensors 
(fig. S6C). Known inflammasome sensors such as MEFV, 
NLRP3, NLRC5, and AIM2 were expressed at low levels or 
were undetectable (fig. S6E). We confirmed that NLRP3 was 
not expressed in primary human bronchial epithelial cells 

(TPM < 1) (Fig. 4A and data S2). NLRP3 was also undetectable 
in primary human nasal epithelium by RNA in situ staining 
(fig. S6D). The lack of NLRP3 inflammasome in primary nor-
mal human bronchial epithelial cells (NHBEs) was recently 
confirmed by an independent study (49). Although we cannot 
rule out that NLRP3 mRNA may be transcriptionally induced 
under specific conditions, these results demonstrate that 
NLRP1, but not NLRP3, is the predominant inflammasome 
sensor constitutively expressed in human AECs. In addition 
to NLRP1, all AECs endogenously expressed PYCARD (ASC), 
CASP1, and the IL-1-family cytokines, IL1B and IL18 (Fig. 4A, 
data S2, and fig. S6C), suggesting that human AECs are capa-
ble of NLRP1-mediated inflammasome activation. 

We next profiled the endogenous cytokine and chemokine 
response of NHBEs to live HRV16 infection (Fig. 4B). IL-18, 
whose secretion strictly depends on inflammasome activa-
tion, was the most highly induced cytokine in both HRV16-
infected and talabostat-treated NHBEs (Fig. 4, C and D). IL-
1β was also significantly secreted from HRV16-infected and 
talabostat-treated NHBEs, but its levels were lower and more 
variable than those of IL-18 (Fig. 4, E and F). This variability 
is likely due to transcriptional regulation of IL1B mRNA. Sim-
ilar results were obtained with primary nasal epithelial cells 
(fig. S6E). In agreement with the lack of endogenous NLRP3 
in NHBEs, neither IL-1β nor IL-18 secretion was affected by 
the NLRP3 inhibitor MCC950 after HRV16 infection or 
talabostat treatment. By contrast, the 3Cpro inhibitor rupin-
trivir completely abrogated HRV16-induced IL-1β and IL-18 
secretion (Fig. 4, D and E). HRV16-infected NHBEs demon-
strated cardinal features of inflammasome activation, includ-
ing: (i) proteolytic processing of IL-18 and IL-1β into their p17 
mature forms (Fig. 4F); (ii) endogenous ASC oligomerization 
(Fig. 4F); (iii) caspase-1 activation (fig. S7A); (iv) release of 
intact LDH activity (fig. S7B); and (v) characteristic mem-
brane “ballooning” (fig. S7C). We then performed apical 
HRV16 infection of 3D air-lifted human bronchial epithelium 
cultures and confirmed that this serotype induced the secre-
tion of IL-18 (Fig. 5, A and B). Histologically, both HRV16 in-
fection and talabostat treatment induced mucus cell 
metaplasia (MCM) by alcian blue–periodic acid–Schiff (AB–
PAS) staining and gasdermin D (GSDMD) cleavage (Fig. 5C). 
Thus, HRV16 infection activates the NLRP1, but not NLRP3 
inflammasome in primary NHBEs. 

We next sought to further validate NLRP1 as the endoge-
nous inflammasome sensor for HRV. CRISPR-Cas9–mediated 
deletion of NLRP1, ASC, or pro-caspase-1 in primary NHBEs 
completely eliminated IL-18 cleavage caused by HRV16 infec-
tion or talabostat treatment (Fig. 6A and fig. S7, D and E). 
Furthermore, HRV16-infected NLRP1 knockout NHBEs were 
unable to cleave IL-18 into its mature p17 form (Fig. 6B) or 
assemble ASC into high-molecular weight oligomers (Fig. 
6B). This was not caused by a general defect in viral 
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biogenesis, as the maturation of capsid protein VP2, which 
itself is dependent on 3Cpro activity (50), was unaffected in 
NLRP1−/− or ASC−/− cells (Fig. 6B). These results provide fur-
ther support that NLRP1 is the primary inflammasome sen-
sor for HRV infection in human NHBEs. HRV-triggered 
inflammasome activation likely occurs in parallel with other 
immune sensing pathways, as NLRP1−/−, ASC−/−, and CASP1−/− 
NHBEs were still capable of undergoing cell death and pro-
ducing other cytokines, such as IL-8 (fig. S7, F and G) upon 
HRV16 infection. 

To confirm that HRV-induced NLRP1 activation requires 
the cleavage between residues Q130 and G131, we infected 
NLRP1−/− NHBEs rescued with either FLAG-tagged wild-type 
NLRP1 or NLRP1Q130A. As observed previously with keratino-
cytes (Fig. 2, D to G), both wild-type NLRP1 and NLRP1Q130A 
rescued talabostat-dependent IL-18 secretion in NLRP1−/− 
NHBEs (Fig. 6C and fig. S8B). However, only wild-type 
NLRP1, and not the uncleavable mutant Q130A, rescued 
HRV16-induced IL-18 secretion (Fig. 6C), despite similar lev-
els of VP2 maturation. In addition, HRV16 induced strong 
degradation of the NLRP1 N-terminal fragment only in wild-
type NLRP1 rescued NHBEs, but not NLRP1Q130A-expressing 
cells (Fig. 6D). Furthermore, MLN4924 and bortezomib com-
pletely blocked HRV16-dependent IL-1β and IL-18 secretion 
in NHBEs (Fig. 6E and fig. S8A). MLN4924 pretreatment also 
stabilized the NLRP1 N-terminal cleavage fragments in 
HRV16-infected NHBEs expressing wild-type NLRP1 (Fig. 6G) 
without affecting the accumulation (Fig. 6F) of the activating 
C-terminal fragment of NLRP1 (Fig. 6G). Thus, both cullin-
ZER1/ZYG11B and the proteasome are necessary for HRV-triggered 
NLRP1 inflammasome activation in NHBEs. 

In summary, we report that enteroviral 3C proteases, such 
as HRV-3Cpro activate the human inflammasome sensor 
NLRP1 via direct cleavage at a single site between amino ac-
ids Q130 and G131. This finding not only provides a unified 
mechanism for proteolysis-mediated activation of NLRP1 in-
flammasome in humans and rodents (16–18), but reveals an 
unexpected role for the recently described N-terminal glycine 
degron pathway in human innate immunity. Mechanistically, 
3Cpro-cleavage leaves a glycine residue (p. G131) on the 
NLRP1 fragment, which is recognized by the cullinZER1/ZYG11B 
N-glycine degron machinery and is subsequently degraded by 
the proteasome (Fig. 3B). This constitutes a key step in un-
leashing the NLRP1 FIINDUPA-CARD fragment to fully assem-
ble the inflammasome complex consisting of ASC and 
caspase-1. It is noteworthy that a single cleavage site muta-
tion (Q130A) can completely block 3Cpros from activating the 
NLRP1 inflammasome without affecting talabostat-triggered 
NLRP1 activation. This suggests that NLRP1 can undergo 
multiple modes of activation. 

The identification of enteroviral 3Cpros as a pathogen-de-
rived trigger for human NLRP1 also sheds light on the 

evolutionary trajectory of NLRP1. The 3Cpro cleavage site 
arose in the common ancestor for simians and is absent in 
prosimians such as tarsiers and lemurs (fig. S9). It is conceiv-
able that the more recently evolved, 3Cpro-responsive NLRP1 
allele has provided a selective survival advantage during the 
evolution of simian primates including humans, presumably 
to sense and mount an appropriate immune response against 
certain simian-tropic enteroviral pathogens. Notwithstand-
ing this notion, our work does not preclude the possibility 
that human NLRP1 can detect other pathogen- or danger-de-
rived signals besides 3Cpros. 

Our findings establish human NLRP1 as part of the reper-
toire of viral sensors in the airway epithelium and challenges 
the widely held notion that viral proteases largely serve to 
disable host immune sensing. As the inflammasome pathway 
does not require de novo protein synthesis, it is particularly 
well suited as a fail-safe, second-line defense. The inflam-
masome can commit the infected cells to pyroptosis and re-
lease IL-18 even after host transcription and translation have 
been shut off by viral virulence factors (51). In keeping with 
this notion, NLRP1 knockout did not lead to an appreciable 
increase in infectious viruses 48 hours after inoculation (fig. 
S8C). Taken together, we propose that the NLRP1 inflam-
masome plays an important role in antiviral immunity and 
inflammation in the human airway epithelium. Respiratory 
viral infections, including HRVs, are well known risk factors 
for exacerbations for asthma and chronic obstructive pulmo-
nary disease (COPD) (52). Therefore, the NLRP1 inflam-
masome pathway might serve as a potential therapeutic 
target to treat these diseases and their complications. 
 
Materials and methods 
Cell culture and chemicals 
293Ts (ATCC #CRL-3216), HeLa-Ohio (ECACC General Cell 
Collection #84121901), and normal bronchial epithelial cells 
(NHBE, Lonza #CC-2541) were cultured according to the sup-
pliers’ protocols with modifications (53) Immortalized hu-
man keratinocytes (N/TERT-1, or N/TERT herein) were a 
kind gift from H. Reinwald (MTA) (54). Primary nasal epithe-
lial cells were obtained from nasal epithelial biopsies ob-
tained from adult patients scheduled for rhinoplasty and 
obtained with informed consent at NUH Fresh nasal epithe-
lial tissues were used to derive nasal cells as previously de-
scribed (55). All cell lines underwent routine Mycoplasma 
testing with Lonza MycoAlert (Lonza #LT07-118). The follow-
ing drugs and chemicals were used as part of this study: 
MCC950 (MCE, #HY-12815), Bortezomib and MLN4924 were 
a kind gift from Sir D. Lane (p53, A*STAR, Singapore). Ru-
pintrivir (Sigma, #PZ0315), talabostat (MCE, #HY-13233), 
MG132 (MCE, #HY13259), A83-01 (MCE, #HY-10432A), Y-
27632 (MCE, #HY-10583), isoprenaline (MCE, #HY-B0468). 
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Plasmid transfection and stable cell line generation  
using lentiviruses 
293T-ASC-GFP, N/TERT-ASC-GFP, N/TERT NLRP1-KO cells 
were described previously (19). All transient expression plas-
mids were cloned into the pCS2+ vector using standard re-
striction cloning using ClaI and XhoI flanking the open 
reading frames. P Site-directed mutagenesis was carried out 
with QuickChangeXL II (Agilent #200522). Constitutive len-
tiviral expression was performed using pCDH vectors (Sys-
temBio). Doxycycline-inducible Tet-ON lentiviral constructs 
were based on the pTRIPZ backbone (Thermo Fisher). 
 
Antibodies, staining reagents, and cytokine analysis 
The following antibodies were used in this study: c-Myc 
(Santa Cruz Biotechnology #sc-40), HA tag (Santa Cruz Bio-
technology, #sc-805), GAPDH (Santa Cruz Biotechnology, #sc-
47724), ASC (Adipogen, #AL-177), CASP1 (Santa Cruz Biotech-
nology, #sc-622), IL1B (R&D systems, #AF-201), FLAG (Sig-
maAldrich, #F3165), GFP (Abcam, #ab290), NLRP1 (R&D 
systems, #AF6788), IL18 (Abcam ab207324), cleaved GSDMD-
NT (Asp275) (Cell Signaling Technology, #36425) and HRV-
VP2 (QED Bioscience, #18758). HRV16-3Cpro was detected by 
rabbit serum, a kind gift from A. Palmenberg and J. Gern 
(University of Wisconsin). All HRP conjugated secondary an-
tibodies were purchased from Jackson Immunoresearch 
(goat anti-mouse IgG: 115-035-166; goat anti-rabbit IgG: 111-
035-144, donkey anti-goat IgG: 705-005-147). The protocol for 
blue native PAGE and DSS cross-linking were performed as 
previously described (7). For AB-PAS staining and immuno-
histochemistry, 5-μm formalin-fixed paraffin-embedded 3D 
bronchial epithelial sections were deparaffinized in xylenes 
and rehydrated through a series of alcohol before being hy-
drated in water. Alcian blue and periodic acid–Schiff (AB–
PAS) staining was then carried out using a staining kit 
(Abacm, ab245876) according to manufacturer’s instructions. 
For immunohistochemistry staining to visualize cleaved 
GSDMD-N terminal fragment, a previously published proto-
col was used (56). For trypan blue staining, cells were incu-
bated with trypan blue stain (Thermo Scientific #15250061) 
and the percentage of positively stained cells versus total cell 
count calculated. A total of three cell counts were performed 
per condition. For RNAscope, primary human nasal epithe-
lium sections (normal) were obtained through The National 
University of Singapore (NUS/NUH, Singapore) with in-
formed consent. Visualization of NLRP1 and NLRP3 RNA was 
performed according to manufacturer’s instructions and rec-
ommendations (RNAscope 2.5 HD-Red, ACDbio). 

Cytokine and chemokine measurements were carried out 
with human IL-1β ELISA kit (BD, #557953), human IL-18 
ELISA kit (MBL Bioscience, #7620), and Immune Monitoring 
65-Plex Human ProcartaPlex Panel (Thermo Fisher EPX650-
10065-901) according to the manufacturer’s protocol. All 

primary antibodies were used at 250 ng/ml. 
 
Immunoblotting 
For whole cell lysates, cells were resuspended in TBS 1% NP-
40 with protease inhibitors (Thermo Scientific #78430). Pro-
tein concentration was determined using the Bradford assay 
(Thermo Scientific #23200) and 20 μg of protein loaded un-
less stated otherwise. For analysis of IL-1β and IL-18 cleavage 
in the media by immunoblotting, samples were 10×-concen-
trated using filtered centrifugation (Merck, Amicon Ultra, 
#UFC5003BIK). Protein samples were run using SDS-PAGE 
system (Bio-Rad), immunoblotted, and then visualized using 
x-ray film detector or ChemiDoc Imaging system (Bio-Rad). 
 
Microscopy 
Images of ASC-GFP specs were acquired in three random 
fields in DAPI (358 nm/461 nm) and GFP (469 nm/525 nm) 
channels using EVOS microscope (FL Auto M5000, Thermo 
Fisher #AMF5000) with a EVOS 20× Objective (achromat, 
LWD, phase-contrast, 0.40NA/6.92WD, Thermo Fisher Scien-
tific #AMEP4934) and built-in camera (Sony IMX265 mono-
chrome CMOS) according to manufacturer’s protocol (EVOS 
M5000 Manual, Thermo Fisher Scientific Publication Num-
ber MAN0017563). Counting of the number of ASC-GFP 
specks was performed using ImageJ Fiji “watershed” and 
“find maxima” built-in functions. Briefly, all DAPI images 
were subjected to thresholding to distinguish background 
from foreground to give a binary image. The watershed algo-
rithm was used to separate touching objects, before seg-
mented objects could be analyzed and counted to give a total 
nuclei count. The number of GFP-ASC specks was calculated 
by “find maxima” function and noise tolerance set accord-
ingly to count the total number of specks per image. The 
number of specks was then calculated as a percentage of total 
nuclei in three representative fields of view. Brightfield im-
ages of stained sections were taken at 40× magnification us-
ing a widefield microscope (Zeiss AxioImager Z.2, Zeiss) with 
a 40× oil immersion objective (EC Plan Neofluar Antiflex, 
Zeiss). Images were acquired with the built-in camera (Axio 
Cam 506 mono 1.2 Mbps, Zeiss). 
 
HRV16 virus propagation 
HRV used in the study was HRV-A16 (strain 11757; ATCC VR-
283, Manassas, VA, USA), and was propagated in HeLa cell 
line (HeLa Ohio, ECACC 84121901, Porton Down, Salisbury, 
Wiltshire, UK). HeLa cells were grown in Eagle’s Minimum 
Essential Medium (EMEM) ATCC 30-2003, supplemented 
with 10% fetal bovine serum (FBS) (BioWest, Kansas City, 
MO, USA), 2% HEPES and 1% Antibiotic-Antimycotic (Anti-
Anti) (Gibco) and incubated at 37°C humidified incubator 
with 5% CO2. To propagate HRV16, HeLa cells were first 
seeded to achieve 80%-90% confluence in 24-well plates 
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overnight. Cells were rinsed with 1X Dulbecco’s phosphate-
buffered saline (DPBS) and infected with HRV16 before addi-
tion of EMEM with 2% FBS, 2% HEPES, and 1% Anti-Anti. 
Infected HeLa cells were incubated at 33°C for 2-3 days. Vi-
ruses were harvested from the supernatants of infected HeLa 
cells when about 80% cytopathic effects (CPE) was observed. 
HRV stocks were centrifuged at 1500g for 10 min at 4°C to 
remove cellular debris, and aliquoted into cryovials for stor-
age at −80°C. 
 
Inoculation of human rhinovirus 
HRV was diluted using the respective cell culture medium 
and inoculated at multiplicity of infection (MOI) of 5.0 
(NHBE) and 1.0 (HeLa), respectively. Infected cells were in-
cubated at 33°C for 1 hour. Conditioned non-infected cell cul-
ture medium from viral propagation was added as an 
uninfected control. The HRV-infected and control cells were 
then incubated at 33°C for up to 48 hours post-infection 
(hpi). Cell culture supernatant and cell lysate were collected 
to perform relevant assays between 24 and 72 hpi. 
 
Viral quantification using rhinovirus plaque assay 
HeLa cells (at 85% to 95% confluence) in 24-well plates were 
incubated with 100 μl of serial dilutions from 10−1 to 10−6 of 
virus-containing conditioned media at 33°C for 1 hour. The 
plates were rocked every 15 min to ensure equal distribution 
of virus. The inoculum was removed and replaced with 1 ml 
of Avicel (FMC Biopolymer) overlay to each well and incu-
bated at 33°C for 65-72 hours. The overlay components were 
optimized to obtain HRV plaques suitable for counting. Avi-
cel powder was added into double-strength MEM to formu-
late 1.2% Avicel solution, and with a final concentration 
comprising 3% FBS, 2% HEPES, 1.5% NaHCO3, 3% MgCl2 and 
1% Anti-Anti. Avicel overlay was removed after the incuba-
tion period, and cells were fixed with 20% formalin in PBS 
for 1 hour. Formalin was removed, and cells were washed 
with PBS. The fixed cells were stained with 1% crystal violet 
for 15 min and washed. The plaque-forming units (PFU) were 
calculated as follows: Number of plaques × dilution factor = 
number of PFU per 100 μl, which is then expressed as 
PFU/ml. 
 
HRV16 infection of 3D reconstructed human bronchial 
epithelium 
3D culture of bronchial epithelium was purchased from 
Mattek (AIR-1484 AIR-100 EpiAirway, 3D Respiratory Epi-
thelial Human MicroTissues) and cultured using the Ex-
tended Culture protocol as advised by the supplier. 
 
CRISPR-Cas9 knockout 
CRISPR-Cas9 editing was performed in 293T cells was per-
formed according to the method reported by the Doyon group 

(57), except that guide RNAs (sgRNAs) were cloned into 
pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene 62988). Single 
clones of ouabain resistant cells were selected for 
ZYG11B/ZER1 double knockout. Clones 1-6 were transfected 
with ZYG11B sg5 and 6. Clones 7-12 were transfected with 
ZYG11B sg7 and 8. All clones received 3 guides for ZER1, sg5, 
6, 8. 293T UBR2 KOs were cultured as polyclonal pools fol-
lowing ouabain selection. N/TERT and NHBE KOs were per-
formed using LentiCRISPR-V2 (Addgene 52961) and stable 
lentiviral transduction. The sgRNAs used are listed in Table 
1. Knockout efficiency was tested with immunoblot or Sanger 
sequencing of the targeted genomic DNA locus 7-10 days after 
puromycin selection. 
 
RNA-seq of NHBEs 
Library preparation, quality control and high-throughput se-
quencing were provided by Macrogen, Singapore. Total RNA 
isolated from NHBEs was processed using Library Kit TruSeq 
Stranded mRNA LT Sample Prep (Illumina) according the 
manufacturer’s protocol specified in Library Protocol TruSeq 
Stranded mRNA Sample Preparation Guide, Part # 15031047. 
Sequencing was carried out with NovaSeq 6000 with No-
vaSeq 6000 S4 Reagent Kit and Sequencing Protocol NovaSeq 
6000 System User Guide Document # 1000000019358 v02 (Il-
lumina). Trimmed reads are mapped to reference genome 
with HISAT2. After the read mapping, Stringtie was used for 
transcript assembly. Expression profile was calculated for 
each sample and transcript/gene as read count and FPKM 
(fragment per kilobase of transcript per million mapped 
reads). 
 
Analysis of published RNA-seq datasets 
RNA-seq data for human airway epithelial cells was extracted 
from the following published datasets: Nasal #1-GSE107898; 
Nasal#2- GSE55458; Bronchial#1-GSE107971; Bronchial#2-
GSE107897; Alveolar#1: GSE61220. In datasets where multi-
ple treatment conditions were reported, only the basal/mock 
conditions were selected. RPM values Nasal#2- GSE55458; 
Bronchial#1-GSE107971 were logged for heatmap generation. 
Color mapping was performed using the “Double gradient” 
method in Graphpad Prism 8. 
 
Caspase-1 GLO and LDH release 
Caspase-1 GLO (Promega, #G9951) and LDH release assay 
(Promega CytoTox96, #G1780) were both carried out accord-
ing to protocols provided by the manufacturers. 
 
Statistical analysis 
Statistical analyses were performed using Prism 8 
(GraphPad). The methods for analysis were included in the 
figure legends. Error bars show mean values with SEM. 
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Table 1. CRISPR sgRNA sequences used to generate knockout 293Ts, immortalized keratinocytes,  
and NHBEs. 

sgRNA used (Gene #sgRNA number) Sequence (5′ to 3′) 
NLRP1#1 GATAGCCCGAGTGACATCGG 
NLRP1#2 AGCCCGAGTGACATCGGTGG 
CASP1#1 ACAGACAAGGGTGCTGAACA 
CASP1#2 ATTGACTCCGTTATTCCGAA 
CASP1#3 TGACTCCGTTATTCCGAAAG 
ASC#2 GCTAACGTGCTGCGCGACAT 
ASC#3 CATGTCGCGCAGCACGTTAG 
UBR2#1 TGCATAACTTGAACTTTGAG 
UBR2#2 TCCATGCACAAAACACAAGT 
UBR2#3 ACTGTGGTGATACTGAAGCC 
UBR2#4 TGATACTGAAGCCTGGAAAG 
UBR2#5 TTGCATGCTGTTTAATGATG 
ZER1#5 CAGGGACCCAATCAATCATG 
ZER1#6 GGCAGGACGAGTCTATCCAG 
ZER1#7 AGGCTGAAGAAGCTCTCGTG 
ZER1#8 TGTAGGCTGGAATGTGCGTG 
ZYG11B#5 AGCGCTCGTAAGGATCCTCG 
ZYG11B#6 GCAGTGGCTTTGCAACCATG 
ZYG11B#7 CTTGGTTAAGTTAAATACAC 
ZYG11B#8 CAAGTTCCACTAACTTGTGG 
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Fig. 1. Enteroviral 3Cpros activate the human NLRP1 inflammasome. (A) Domain structures 
of human NLRP1 and rodent NLRP1B. Murine NLRP1B is activated by anthrax lethal factor (LF) 
toxin cleavage, followed by the proteasomal degradation of the autoinhibitory N-terminal 
fragment. (B) Percentage of 293T-ASC-GFP-NLRP1-FLAG cells with ASC-GFP specks after 
overexpression of Myc-tagged viral proteases. Cells were fixed 24 hours after transfection of the 
indicated proteases or empty vector control. Talabostat (2 μM, 24 hours) treatment was used 
as a positive control. The number of cells with ASC-GFP specks were visually scored with wide-
field epifluorescence microscopy at 20× magnification. More than 100 cells were scored for 
ASC-GFP speck formation per condition. *P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA); 
n.s., not significant. Error bars represent standard error of the mean from three biological 
replicates. (C) The effect of MG132 on NLRP1-dependent ASC-GFP speck formation. 293T-ASC-
GFP or 293T-ASC-GFP-NLRP1-FLAG cells were transfected with HRV14-3Cpro and treated with 
2.5 μM MG132 6 hours post transfection. ***P < 0.001 (two-way ANOVA). Error bars represent 
standard error of the mean from three biological replicates. (D) HRV14-3Cpro induces mature 
IL-1β secretion and ASC oligomerization in immortalized human keratinocytes. Tet-ON HRV-
3Cpro or 3CproC146A immortalized keratinocytes (N/TERT) were harvested 24 hours after 1 
μg/ml doxycycline (DOX). Conditioned media was concentrated 10 times before SDS-PAGE. 
Endogenous ASC oligomers were extracted by 1% SDS after covalent cross-linking of the 1% 
NP40-insoluble pellets with 1 mM DSS in PBS. (E) IL-1β ELISA of conditioned media from 
NLRP1−/− and Cas9 control Tet-ON HRV14-3Cpro N/TERT keratinocytes 24 hours after DOX 
induction. ***P < 0.001; ****P < 0.0001 (two-way ANOVA). n = 3 independent cell seedings and 
inductions. Error bars represent the standard error of the mean. (F) Trypan blue exclusion assay 
of NLRP1−/− and Cas9 control Tet-ON HRV14-3Cpro N/TERT keratinocytes 24 hours after DOX 
induction. **P < 0.01; ***P < 0.001 (two-way ANOVA), n = 3 independent cell seedings and 
inductions as in (E). Error bars represent the standard error of the mean. 

on O
ctober 22, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 22 October 2020  www.sciencemag.org  (Page numbers not final at time of first release) 13 
 

  
  

on O
ctober 22, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 22 October 2020  www.sciencemag.org  (Page numbers not final at time of first release) 14 
 

  
Fig. 2. 3CPros activate NLRP1 by direct cleavage at a single site between p. Glu130 and 
Gly131. (A) HRV14-3Cpro cleaves NLRP1 close to its N terminus. Schematic shows full length 
NLRP1 and the antibodies used to detect the NLRP1 auto-proteolytic fragments. The epitope of 
the N-terminal NLRP1 antibody is between NLRP1 a.a. 130 and a.a. 230. (B) 293T cells were 
transfected with C-terminal HA-tagged NLRP1 and Myc-tagged HRV14-3Pro. Full-length NLRP1 
and its cleavage products were visualized with the N-terminal fragment-specific NLRP1 antibody 
and an antibody against the C-terminal HA tag. Red arrows indicate the proposed proteolytic 
relationship between the observed NLRP1 fragments. Note that the presence of catalytically 
active 3Cpro decreased the expression of all transfected plasmids [see also (C)]. (C) To map 
the 3Cpro cleavage site, 293T cells were co-transfected with the indicated NLRP1 alanine 
mutants and HRV14-3Cpro. 3CproC146A was used as a negative control. Total cell lysates were 
harvested 48 hours post transfection and analyzed by SDS-PAGE and immunoblotting.  
(D) Q130A abrogates HRV14-3Cpro cleavage. 293T-ASC-GFP-NLRP1WT-FLAG and 293T-ASC-
GFP-NLRP1Q130A-FLAG cells were transfected with Myc-HRV14-3Cpro or treated with talabostat 
for 48 hours. Total cell lysates were analyzed by SDS-PAGE. *, nonspecific NLRP1 degradation 
product. Red arrow, 3Cpro-dependent cleavage product (a.a. 131-1212). (E) Q130A abrogates 
3CPro-dependent, but not talabostat-dependent NLRP1 activation in 293T cells. Cells were 
transfected or treated with talabostat as in Fig. 1D and fixed 24 hours post transfection. The 
number of cells with ASC-GFP specks were visually scored with wide-field epifluorescence 
microscopy at 20× magnification. **P < 0.01; ****P < 0.0001 (two-way ANOVA). n = 3 
independent transfections/drug treatment. n.s., not significant. Error bars represent the 
standard error of the mean. (F) Representative immunoblots demonstrate that wild-type 
NLRP1, but not NLRP1Q130A restores 3Cpro-dependent IL-1β secretion and ASC oligomerization. 
(G) Trypan blue exclusion assay demonstrates that wild-type NLRP1, but not NLRP1Q130A 
restores 3Cpro-triggered lytic cell death in NLRP1−/− human keratinocytes. ****P < 0.0001 (two-
way ANOVA). n = 3 independent transfections/drug treatment. n.s., not significant. Error bars 
represent the standard error of the mean. 
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  Fig. 3. 3Cpro-triggered NLRP1 activation requires the N-terminal glycine degron pathway. 
(A) Overexpressed NLRP1 (a.a. 131-1474) does not cause spontaneous ASC-GFP speck 
formation. 293T-ASC-GFP cells were transfected with wild-type NLRP1 or mutants and fixed 48 
hours post transfection. ****P < 0.0001 (two-way ANOVA). n = 3 independent 
transfections/drug treatment. n.s., not significant. Error bars represent the standard error of 
the mean. (B) Summary of the distinct pathways regulating post-cleavage N-terminal fragment 
degradation in human NLRP1 and murine NLRP1B. The two types of the N-degron pathway 
require distinct recognition receptors and demonstrate distinct sensitivities to small-molecule 
inhibitors. (C) MLN4924 and proteasomal inhibitors abrogate 3Cpro-induced ASC-GFP specks. 
293T-ASC-GFP-NLRP1-FLAG cells were transfected with HRV14-3Cpro and treated with the 
indicated drugs for 24 hours: MLN4924 (1 μM), MG132 (2.5 μM), bortezomib (0.5 μM), or 
phenylalanine (1 mM). Wild-type NLRP1, but not NLRP1Q130A restores 3Cpro-dependent IL-1β 
secretion and ASC oligomerization. ****P < 0.0001 (one-way ANOVA). n = 3 independent 
transfections/drug treatment. n.s., not significant. Error bars represent the standard error of 
the mean. (D) MLN4924 and bortezomib inhibit NLRP1 self-oligomerization and stabilize the 
3Cpro cleavage fragment. 293T-NLRP1-FLAG cells were transfected with HRV14-3Cpro and 
treated with the indicated drugs 16 hours post-transfection for another 24 hours. Lysates were 
analyzed by SDS-PAGE and immunoblot. The red arrowhead indicates the HRV14-3Cpro 
cleavage product (a.a. 131-1212). (E) IL-1β ELISA of conditioned media. ****P < 0.0001, one-way 
ANOVA. n = 3 independent doxycycline inductions/drug treatment. n.s., not significant. Error 
bars represent the standard error of the mean. (F) CullinZER1/ZYG11B, but not UBR2, is genetically 
required for 3Cpro-induced NLRP1 activation. The indicated CRISPR KO 293T-ASC-GFP cells 
were transfected with wild-type NLRP1 + HRV14-3Cpro (or vector) or with NLRP1M77T. Cells were 
fixed 24 hours post-transfection. ASC-GFP specks were scored using wide-field microscopy at 
20×. ****P < 0.0001, one-way ANOVA. n = 3 transfections, >100 cells. n.s., not significant. Error 
bars represent the standard error of the mean. (G) CullinZER1/ZYG11B, but not UBR2 is responsible 
for the degradation of the 3Cpro cleavage product. CRISPR KO 293T-ASC-GFP cells stably 
expressing NLRP1-FLAG were transfected with HRV14-3Cpro. Cell lysates were harvested 48 
hours post transfection. The red arrowhead indicates the 3Cpro cleavage product (a.a. 131-
1212). 
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Fig. 4. HRV infection activates inflammasome-driven pyroptosis in NHBEs independently of 
NLRP3. (A) NLRP1, NLRP3, PYCARD (ASC), and CASP1 mRNA expression (RNA-seq TPM) in 
NHBEs. n = 11, independent cultures of NHBEs. ****P < 0.0001, two-tailed Student’s t test. Error 
bars represent the standard error of the mean. (B) Overview of cytokine profiling of HRV16-
infected and talabostat-treated NHBEs. (C) Cells were inoculated with HRV16 at MOI = 5 and 
cultured at 33°C for 48 hours. Luminex array was performed on conditioned media after 
removing cell debris. n = 3 independent infections and treatment. Cytokines/chemokines that 
were induced by at least fivefold, such as IL-18 (P < 0.05, Student’s t test, lognormal values), are 
highlighted in red. (D) MCC950 did not affect HRV16 triggered IL-1β secretion in NHBEs. NHBEs 
were pretreated with MCC950 (5 μM) or rupintrivir (10 nM) before HRV16 inoculation or 
talabostat (2 μM) treatment. *P < 0.05 (two-way ANOVA). n = 3 independent drug treatments. 
n.s., not significant. Error bars represent the standard error of the mean. (E) MCC950 did not 
affect HRV16 triggered IL-18 secretion in NHBEs. NHBEs were pretreated with MCC950 (5 μM) 
or rupintrivir (10 nM) before HRV16 inoculation or talabostat (2 μM) treatment. *P < 0.05 (two-
way ANOVA). n = 3 independent drug treatments. n.s., not significant. Error bars represent the 
standard error of the mean. (F) Representative immunoblot demonstrates the secretion of 
cleaved IL-1β and IL-18 and ASC oligomerization in HRV16-infected primary NHBEs. Cells were 
inoculated with HRV16 (MOI = 5) or treated with talabostat (2 μM) for 48 hours at 33°C. 
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Fig. 5. HRV infection leads to inflammasome activation and IL-18 
secretion in 3D bronchial epithelial cultures. (A) Overview of apical 
HRV infection 3D human bronchial epithelial cultures. (B) IL-18 levels in 
apical or basal media 48 hours post-infection or talabostat treatment. 
**P < 0.01, ***P < 0.001, ****P < 0.0001 (two-way ANOVA). n = 3 
independent infected or treated cultures. n.s., not significant. Error 
bars represent the standard error of the mean. (C) Representative 
alcian blue (AB)/periodic acid–Schiff (PAS) staining (top) and 
immunohistochemical staining for cleaved (N-terminal) GSDMD 
(bottom) of HRV16-infected (MOI = 3) and talabostat (2 μM)-treated 
3D human bronchial epithelial cultures. Staining performed on two 
sections from three independent 3D bronchial epithelial cultures. Scale 
bar = 50 μm. 
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Fig. 6. NLRP1 cleavage and the N-glycine degron pathway are indispensable for HRV-
dependent inflammasome activation in NHBEs. (A) Endogenous NLRP1, ASC, and caspase-1 
are indispensable for HRV16-induced IL-18 secretion in NHBEs. Cas9-control, NLRP1−/−, ASC−/−, 
and CASP1−/− NHBEs were infected with HRV16 MOI = 5. Conditioned media were harvested 48 
hours post infection. *P < 0.05, *P < 0.001 (two-way ANOVA). n = 3 independent live viral 
infections/drug treatment. n.s., not significant. Error bars represent the standard error of the 
mean. (B) NLRP1 is genetically required for HRV16-induced IL-18 cleavage and ASC 
oligomerization. Cas9 control, NLRP1−/−, and ASC−/− NHBEs were infected with HRV16 as before. 
Cleaved IL-18 are marked with arrows. (C) Mutating the NLRP1 cleavage site abrogates HRV16-
triggered IL-18 secretion in NHBEs. NLRP1−/− NHBEs were rescued with lentiviral constructs 
expressing FLAG-tagged NLRP1WT or NLRP1Q130A, which carried silent mutations at the PAM site. 
The rescued cells were infected with HRV16 or treated with talabostat. Conditioned media was 
analyzed by IL-18 ELISA. **P < 0.01, ****P < 0.0001 (two-way ANOVA), n = 3 replicates from 
one of two independent infections. Error bars represent the standard error of the mean. (D) HRV 
infection leads to NLRP1 cleavage and degradation of NLRP1 N-terminal fragments. NLRP1−/− or 
NLRP1WT- or NLRP1Q130A- rescued cells were infected with HRV16 or treated with talabostat. Cells 
were harvested 48 hours post infection. (E) MLN4924 and bortezomib block HRV16-induced IL-
18 secretion. NHBEs were pretreated with MLN4924 (1 μM) or bortezomib (1 μM) before HRV16 
infection or talabostat treatment. IL-18 levels were measured with ELISA. ***P < 0.001 (two-way 
ANOVA), n = 3 independent infections/treatments. Error bars represent the standard error of 
the mean. (F) MLN4924 does not affect 3Cpro-dependent VP2 maturation in the course of 
HRV16 infection. Lysates from HRV16-infected NHBEs in Fig. 5F were analyzed by 
immunoblotting 48 hours post HRV16 inoculation. (G) MLN4924 stabilizes the 3Cpro cleavage 
fragment (a.a. 131-1212). NHBEs were pretreated with MLN4924 and infected with HRV as in (D). 
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