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The inflammasome is a critical molecular complex that acti-
vates interleukin-1 driven inflammation in response to patho-
gen- and danger-associated signals. Germline mutations in the
inflammasome sensor NLRP1 cause Mendelian systemic auto-
immunity and skin cancer susceptibility, but its endogenous
regulation remains less understood. Here we use a proteomics
screen to uncover dipeptidyl dipeptidase DPP9 as a novel inter-
acting partner with human NLRP1 and a related inflammasome
regulator, CARD8. DPP9 functions as an endogenous inhibitor
of NLRP1 inflammasome in diverse primary cell types from
human and mice. DPP8/9 inhibition via small molecule drugs
and CRISPR/Cas9-mediated genetic deletion specifically acti-
vate the human NLRP1 inflammasome, leading to ASC speck
formation, pyroptotic cell death, and secretion of cleaved inter-
leukin-1�. Mechanistically, DPP9 interacts with a unique auto-
proteolytic domain (Function to Find Domain (FIIND)) found in
NLRP1 and CARD8. This scaffolding function of DPP9 and its

catalytic activity act synergistically to maintain NLRP1 in its
inactive state and repress downstream inflammasome activa-
tion. We further identified a single patient-derived germline
missense mutation in the NLRP1 FIIND domain that abrogates
DPP9 binding, leading to inflammasome hyperactivation seen
in the Mendelian autoinflammatory disease Autoinflammation
with Arthritis and Dyskeratosis. These results unite recent find-
ings on the regulation of murine Nlrp1b by Dpp8/9 and uncover
a new regulatory mechanism for the NLRP1 inflammasome in
primary human cells. Our results further suggest that DPP9
could be a multifunctional inflammasome regulator involved in
human autoinflammatory diseases.

The innate immune system employs a large array of pattern-
recognition receptors to detect pathogen- or danger-associated
molecules (1). A subset of immune sensor proteins belong to
the NLR (Nod-like receptor) protein family and function as
sensors and activators for the inflammasome complex, a con-
served macromolecular platform that governs inflammation
driven by the interleukin-1 family of cytokines. The canonical
inflammasome complex minimally consists of an NLR sensor,
the adaptor protein ASC (also known as PYCARD), and the
effector inflammatory caspase, caspase-1 (2–4). Upon ligand
binding by NLR sensors, the inflammasome complex initiates a
distinct form of inflammatory cell death known as “pyroptosis,”
which in concert with other innate immune pathways plays an
important role in immune defense (5, 6).

In addition to recognizing infection- or danger-related mol-
ecules in a discriminatory manner, NLR proteins must avoid
aberrant activation and tissue-damaging “sterile inflamma-
tion.” Recent work has revealed that human cells employ a net-
work of post-transcriptional and post-translational regulatory
“checkpoints” to guard against aberrant inflammasome activa-
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tion, such as post-translational modification of the NLR pro-
teins and obligate regulatory factors (7–13). The in vivo impor-
tance of the negative regulation of NLRs is illustrated by a
number of Mendelian diseases caused by gain-of-function
mutations in NLR sensors or loss-of-function mutations in
their endogenous inhibitors. This group of diseases, or “inflam-
maosopathies” are characterized by periodic fever and sterile
inflammatory response (14, 15) caused by aberrant inflam-
masome activation in multiple organs. In addition, dysregula-
tion of NLR-driven inflammasome response has also been
implicated in common, non-Mendelian diseases such as can-
cer, autoimmune, and neurodegenerative diseases (4, 16).
Hence, there is an important need to fully understand how var-
ious NLR proteins are kept in the inactive state in the absence of
pathogen- or danger-derived ligands (17).

We and others have recently characterized a unique member
of the NLR family, NLRP1. Patients who have germline muta-
tions in NLRP1 all experience early-onset epithelial hyperkera-
tosis/dyskeratosis, particularly on palmoplantar skin, whereas
classical signs of periodic fever that define other inflammasome
diseases are variable (17, 18). On the molecular level, human
NLRP1 harbors an atypical pyrin domain (PYD)3 that is
required for NLRP1 autoinhibition and is not present in rodent
homologs (17, 19). In human cells, NLRP1 assembles the
inflammasome adaptor protein ASC via its CARD in a nonca-
nonical pathway that requires autoproteolysis within a domain
of unknown function termed FIIND (17, 19, 20). Recent work
has identified specific pathogen-derived proteases, such as the
anthrax lethal toxin, that activate rodent Nlrp1b (21–23). How-
ever, no specific agonists or dedicated regulatory co-factors
have been reported for human NLRP1. While this manuscript
was in preparation, it was reported that chemical inhibitors of
dipeptidyl peptidases, Dpp8 and 9 activate murine Nlrp1b
inflammasome (24). These inhibitors have also previously been
shown to cause Gasdermin D (GSDMD)- and caspase-1– de-
pendent pyroptosis in human macrophage-like cells, albeit
in an unusual mechanism that occurs independently of the
inflammasome sensor protein ASC and without IL-1� cleavage
(25, 26). Hence the exact mechanisms by which DPP8/9 regu-
late NLRP1, especially in human cells, remain to be clarified.

Here we report that DPP9 is an interacting partner of human
NLRP1 and a related, human-specific inflammasome regulator,
CARD8. Inhibition of DPP8/9 via chemical inhibitors and
genetic deletion act as potent triggers for NLRP1-dependent
inflammatory death, which proceeds via NLRP1 oligomeriza-
tion, ASC speck assembly, and IL-1� cleavage in a range of
human primary cell types. Mechanistically, the suppression of
NLRP1 by DPP9 requires both its catalytic activity and its bind-
ing to NLRP1. We discovered that FIIND, an autoproteolytic
domain shared between NLRP1 and CARD8 whose function
was hitherto unknown, is a necessary and sufficient DPP9-

binding domain. Disruption of NLRP1–DPP9 interaction by a
patient-derived point mutation in the NLRP1 FIIND domain
leads to spontaneous NLRP1 inflammasome activation without
impacting NLRP1 autoproteolysis. This likely explains the per-
sistent sterile inflammation seen in in the autoinflammatory/
autoimmune syndrome autoinflammation with arthritis and
dyskeratosis (AIADK; OMIM no. 617388) (18). In combination
with recently published results on murine Dpp8/9 and Nlrp1b,
our findings highlight an unprecedented, conserved peptidase-
based regulatory checkpoint for an inflammasome sensor and
suggest that DPP9 is a multifunctional inflammasome regulator
that guards against human autoinflammatory diseases.

Results

Identification of DPP9 as a novel binding partner of
full-length, autoinhibited human NLRP1

To search for novel proteins involved in NLRP1 regulation,
we took advantage of the observation that full-length NLRP1 is
minimally active when expressed in 293T cells, whereas the
NLRP1 autoproteolytic fragment (a.a. 1213–1474) is constitu-
tively active (17, 19). We thus hypothesized that 293T cells
express unknown inhibitory factors that interact with the reg-
ulatory domains of NLRP1 (PYD, NACHT, LRR, and FIIND) to
maintain NLRP1 inhibition. To identify such factors, we used
immunoprecipitation (IP) followed by MS to compare the
interacting partners of FLAG-tagged full-length NLRP1 and
those of the constitutively active fragment (a.a. 1213–1474)
(Fig. 1A). Direct protein staining of the IP eluates following
SDS-PAGE revealed a prominent band at �100 kDa that co-pu-
rified only with full-length NLRP1 (Fig. 1B). Quantitative MS
identified this candidate protein as the long isoform of dipepti-
dyl peptidase, DPP9 (Uniprot accession no. Q86TI2-2; Excel
File S1). It was among the most enriched proteins that associ-
ated with full-length NLRP1 (Fig. S1A), but not with vector
transfected cells, cells expressing NLRP1 a.a. 1213–1474, or an
additional negative control, a.a. 1213–1373 (fold change � 16;
Fig. S1, B and C, and Excel File S1). Human DPP9 is a dipeptidyl
dipeptidase of the DPP-IV family with broad functions in
immune regulation, growth factor signaling, adipocyte differ-
entiation, and cellular metabolism (27–29). It shares a similar
domain structure with other family members consisting of an
N-terminal �-barrel (DPP-IV N) and a C-terminal S9 hydrolase
domain (Fig. S1D). Of all the DPP-IV family members, only
DPP9 was detected as a specific interacting protein with NLRP1
(Excel File S1). We further established that both DPP9 splice
isoforms, DPP9L and DPP9S co-immunoprecipitate with full-
length NLRP1 (Fig. S1E, lanes 6 and 7), but not DPP9L lacking
the hydrolase domain (DPP9 �hydrolase) (Fig. S1E, lane 6 ver-
sus lane 8). In addition, a related inflammasome sensor NLRP3
did not interact with endogenous DPP9 (Fig. 1C, lane 4 versus
lane 5). These results suggest that DPP9 is a specific NLRP1-
interacting partner and a candidate regulatory factor that helps
maintain full-length NLRP1 inhibition.

DPP9 inhibition triggers human NLRP1 oligomerization, ASC
speck formation, and inflammasome activation

The chemical biology of DPP-IV family of peptidases has
been extensively investigated (30), and a number of small mol-

3 The abbreviations used are: PYD, pyrin domain; IL, interleukin; AIADK, auto-
inflammation with arthritis and dyskeratosis; a.a., amino acid(s); IP, immu-
noprecipitation; MSPC, multiple self-healing palmoplantar carcinoma;
DKO, double-knockout; PBMC, peripheral blood mononuclear cells; FBS,
fetal bovine serum; TRITC, tetramethylrhodamine isothiocyanate; ANOVA,
analysis of variance; OMIM, Online Mendelian Inheritance in Man; PI, pro-
pidium iodide.
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Figure 1. Identification of dipeptidyl peptidase DPP9 as a specific interacting partner of human NLRP1 and inhibitor of the NLRP1 inflammasome. A,
proteomics-based strategy to identify NLRP1-interacting proteins. 293T cells were transfected with full-length human NLRP1 and a.a. 1213–1474 constructs,
expanded, and harvested 4 days post-transfection. Approximately 108 cells were used per immunoprecipitation. B, SyPRO-Ruby staining of 10% of FLAG
immunoprecipitation eluates. C, 500,000 293T cells were transfected with FLAG-tagged NLRP1, NLRP3 or an empty vector. The cells were harvested 2 days after
transfection, and 0.5 mg of whole cell lysate was used for FLAG IP. 20 �g of input was loaded with 50% of IP eluate for SDS-PAGE. D, 293T-ASC-GFP cells were
transfected with empty vector or NLRP1-HA plasmid and treated with 3 �M talabostat or 10 �M 1G244 for 24 h. The cells were fixed with 4% formaldehyde and
stained with DAPI. GFP fluorescence was visualized at 20� magnification on a wide-field fluorescent microscope. Scale bar, 50 �m. E, 293T-ASC-GFP cells were
transfected with empty vector, WT NLRP1, NLRP1-M77T, or NLRP3 plasmids as in D. The cells were treated with 3 �M talabostat,10 �M 1G244, or 50 �M sitagliptin
for 24 h. The percentage of cells with ASC-GFP specks were counted in three differential regions on mounted slides. Statistical significance was calculated with
one-way ANOVA with a post hoc test to compare all treatment groups. N.S., not significant. Bar graphs represent data from one of two independent experi-
ments. F, 293T-ASC-GFP control or DPP8/9 DKO cells were transfected with WT NLRP1 plasmid or an empty vector for 16 h and treated with 3 �M talabostat or
DMSO for 24 h. The percentage of cells with ASC-GFP specks were counted in three different fields on the mounted slides after fixation. Statistical significance
was calculated with one-way ANOVA with Bonferroni’s multiple comparison test to compare all treatment groups. N.S., not significant. Bar graphs represent
data from three independent experiments. G, 293T cells (without ASC-GFP) were transfected with WT NLRP1 or NLRP1-M77T expressing plasmids at a ratio of
2 �g/5 � 105 cells and treated with DMSO or talabostat (3 �M) for 2 days. Blue-Native PAGE was carried out using 20 �g of total cell lysate in 1% digitonin.
Molecular mass of GAPDH tetramer is �150 kDa. NLRP1 oligomers appear at �1 MDa.
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ecule inhibitors for DPP8/9 have been developed (31). Pan-
DPP-IV inhibitor talabostat (Val-boro-Pro) and DPP8/9-selec-
tive inhibitor 1G244 have recently been suggested to activate an
atypical form of pyroptotic cell death that does not involve ASC
or IL-1� cleavage in human macrophage-like cells, although the
mechanism remains unclear (25, 26). While this manuscript
was in preparation, a number of reports demonstrated that
Dpp8/9 inhibitors activates murine Nlrp1b inflammasome (24,
47) and a noncanonical CARD8 inflammasome (32). Whether
DPP9 regulates human NLRP1 remains to be determined, espe-
cially considering the divergent domain structure of human and
rodent NLRP1 homologs. To test this, we reconstituted NLRP1
in a 293T reporter cell line that stably expressed GFP-tagged
inflammasome adaptor, ASC (293T-ASC-GFP). When NLRP1-
expressing 293T-ASC-GFP cells were treated with talabostat (3
�M) or DPP8/9 inhibitor 1G244 (10 �M), more than 70% of
the cells formed ASC-GFP specks that represented activated,
assembled inflammasome complexes (Fig. 1, D and E). This
effect was not observed in the absence of NLRP1 (Fig. 1E, white
bars) or in ASC-GFP cells reconstituted with NLRP3 (Fig. 1E,
gray bars). We further confirmed that talabostat induced ASC
polymerization using a DSS cross-linking assay (Fig. S1F, lane 5
versus lane 4), whereas a specific DPP4 inhibitor, sitagliptin,
failed to nucleate ASC-GFP specks in NLRP1 inflammasome
reconstituted cells (Fig. 1E) or induce ASC-GFP polymerization
(Fig. S1F, lane 6 versus lane 3). Notably, talabostat or 1G244 did
not enhance constitutive inflammasome activation by a known
gain-of-function NLRP1 PYD mutation (p.M77T) found in
patients with multiple self-healing palmoplantar carcinoma
(MSPC) (Fig. 1E, pink bars, and Fig. S1F, lanes 7–9). Taken
together, these results demonstrate that chemical inhibitors of
DPP8/9 specifically activate the reconstituted human NLRP1
inflammasome and induce ASC speck formation, likely inde-
pendently of the NLRP1 PYD. These results also suggest that
the reported, pro-pyroptotic effect of talabostat in human cells
likely occurs upstream of NLRP1 rather than downstream of
ASC polymerization (25).

To rule out potential off-target effects of the chemical inhib-
itors, we generated DPP8 and DPP9 double-knockout (DPP8/9
DKO) 293T-ASC-GFP cells (Fig. S1G) because of their known
functional redundancy (25). In contrast to control 293T-ASC-
GFP cells, NLRP1 expression in DPP8/9 DKO cells led to con-
stitutive ASC speck formation, which could not be further
enhanced by talabostat treatment (Fig. 1F, pink bars). These
results confirm that the effects of DPP8/9 inhibitors such as
talabostat are on-target because they can be phenocopied by
the genetic ablation of DPP9 and its homolog DPP8.

To determine the mechanism by which DPP9 inhibition acti-
vates NLRP1, we examined NLRP1 monomer-to-oligomer
transition. Previously we established that all patient germline
gain-of-function mutations in NLRP1 cause constitutive
NLRP1 oligomer formation (17). When NLRP1-expressing
293T cells, which do not express endogenous ASC, were treated
with talabostat, a substantial amount of NLRP1 shifted to �1
MDa high-molecular-mass species as detected by Blue-Native
PAGE, whereas the total level of NLRP1 remained unchanged
(Fig. 1G, lane 2 versus lane 1 and lane 4 versus lane 3). Because

this occurred in the absence of ASC, these results suggest that
endogenous DPP9 directly inhibits NLRP1 oligomerization.

NLRP1 autocleavage within the FIIND domain generates an
active C-terminal fragment, a.a. 1213–1474 (Fig. 1A). We noted
that this creates a potential DPP9 processing site with a proline
residue at the P2 position. Hence it is possible that autocleaved
NLRP1 fragment becomes a direct substrate of DPP9. In the MS
analysis of full-length NLRP1 immunopurified from 293T cells,
we readily detected tryptic peptides spanning and beginning at
the autocleavage junction. However, we did not observe pep-
tides that were consistent with DPP9 processing (i.e. starting at
a.a. L1215) (Fig. S1H). Hence NLRP1 might not be a direct
enzymatic substrate of DPP9, although we cannot rule out a
noncanonical cleavage site at present. We also confirmed that
talabostat did not directly engage NLRP1 itself using a cellular
thermoshift assay (Fig. S1I).

DPP9 inhibition leads to NLRP1-dependent ASC oligomeriza-
tion, mature IL-1� secretion, and lytic cell death in primary
human cells

We next investigated the effect of DPP9 on NLRP1 in two
primary human cell types that are of direct relevance to NLRP1-
associated autoinflammatory diseases: skin keratinocytes and
peripheral blood mononuclear cells (PBMCs). We and others
have recently established that NLRP1 rather than NLRP3 is
the most prominent if not the only inflammasome sensor
expressed in resting human primary or immortalized, non-
transformed keratinocytes (33) (17). This provides a unique
system to directly and specifically investigate the regulation of
NLRP1 without impinging upon other NLR sensors such as
NLRP3. Both immortalized and primary keratinocytes secreted
mature IL-1� into the culture medium across a range of tala-
bostat concentrations (Fig. 2A and Fig. S2A). Talabostat also
elicited dose-dependent lytic cell death in immortalized kerati-
nocytes as measured by LDH release (Fig. S2C). Notably, the
secretion of IL-1� was more pronounced than the increase in
LDH release at lower talabostat doses (0.2–1 �M; Fig. S2, A and
B). This could be result of the different sensitivity of the two
assays or the fact that IL-1� secretion can precede cell lysis as
shown for other cell types (34). When Luminex was used to
characterize a larger panel of chemokine/cytokines caused by
DPP9 inhibition, we found that IL-1� and IL-1� are the most
significantly enriched of all chemokines/cytokines tested (Fig.
2B). Importantly, the chemokine/cytokine profile caused by
talabostat treatment closely mimics that of primary keratino-
cytes derived from MSPC and FKLC patients with germline
gain-of-function mutations in NLRP1 (Fig. 2B, red, and Fig.
S2C) (17), demonstrating that DPP8/9 inhibition by talabostat
has a strikingly similar effect as constitutive NLRP1 activation.
These data support the notion that DPP8/9 inhibition is
a highly specific trigger for an IL-1�– driven inflammatory
response in human keratinocytes.

Previously it was reported that the pro-pyroptotic effects of
DPP8/9 inhibitors in human cell lines did not involve ASC or
IL-1� cleavage (25, 26). These observations are somewhat
inconsistent with the involvement of human NLRP1, which
requires ASC to activate the inflammasome response (17). To
clarify the mechanism of DPP9 inhibition in human keratino-
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cytes, we examined in greater detail the molecular hallmarks of
“canonical” inflammasome activation, i.e. lytic cell death, IL-1�
cleavage, and ASC polymerization. In immortalized keratino-
cytes, talabostat caused dose-dependent cleavage of pro-
caspase-1 and pro–IL-1� into their respective mature forms

(Fig. 2C, lanes 1– 4 versus lane 5) and the polymerization of
endogenous ASC in a time-dependent manner (Fig. 2D, lanes
2– 4 versus lane 1). We next carried out live cell imaging to track
the dynamics of two key events in pyroptosis, i.e. ASC speck
formation and lytic cell death using keratinocytes expressing
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ASC-GFP. Over a course of �20 h, �30% of talabostat (2 �M)
treated keratinocytes formed ASC specks and became permea-
ble to propidium iodide (Fig. 2E, left panel, 20 h; Fig. S2D; and
Videos S1 and S2), with some pyroptotic cell deaths apparent
with the first 3 h (Video S2). When examined at the single cell
level, the formation of ASC specks nearly always preceded the
“ballooning” of the plasma membrane and the increase in PI
fluorescence (Fig. 2E, right panel; Fig. S2D; and Video S3).
Together, these results establish that DPP9 inhibition in human
cells causes a conventional inflammasome response involving
ASC speck formation, lytic cell death, and IL-1� cleavage and
secretion.

To further prove that DPP8/9 inhibitors cause pyroptosis
specifically upstream of NLRP1, we treated immortalized kera-
tinocytes with NLRP1 and PYCARD (encoding ASC) siRNAs
for 3 days before DPP9 inhibition for 24 h (Fig. 2F). siRNAs
against NLRP3, which is not expressed in keratinocytes
(RNAseq FKPM � 1) (17), were included as a negative control.
In contrast to untransfected and siNLRP3-treated keratino-
cytes, NLRP1-depleted keratinocytes failed to secrete mature
IL-1� into the culture media (Fig. 2F, lane 7 versus lanes 5 and 6,
and Fig. S2, E and G) or undergo ASC polymerization (Fig. 2F,
lane 7 versus lanes 5 and 6). NLRP1 depletion also significantly
reduced cell death (Fig. S2F) after talabostat treatment. Similar
results were obtained using 1G244, a more specific but less
potent DPP8/9 inhibitor (Fig. S2E). To avoid nonspecific effects
of siRNAs, we used CRISPR/Cas9 to knock out NLRP1 and
PYCARD (encoding ASC) in immortalized keratinocytes. As
shown with two guide RNAs, NLRP1 and ASC deletion abro-
gated IL-1� secretion following talabostat treatment (Fig. 2G).
Despite repeated attempts, we failed in generating viable
DPP8/9 knockout keratinocytes. This is consistent with their
roles in inhibiting pyroptotic cell death, although we cannot
rule out other essential functions of DPP8/9 in keratinocytes at
the moment. To demonstrate that DPP8/9 are genetically
required to inhibit NLRP1, we treated both control and NLRP1
KO keratinocytes with siRNAs against DPP8 and DPP9. Simul-
taneous depletion of both DPP8 and DPP9 caused a significant
increase in IL-1� secretion in control keratinocytes but not in

NLRP1 KO cells (Fig. 2H), in agreement with the effect of chem-
ical inhibition of DPP8/9 with talabostat or 1G244 (Fig. 2G).
These results provide orthogonal, genetic evidence that DPP9
inhibition specifically activates the NLRP1 inflammasome and
IL-1�– driven inflammation in human keratinocytes cells in a
manner that is contingent upon ASC and caspase-1.

Because germline gain-of-function NLRP1 mutations have
been shown to cause systemic autoinflammation and autoim-
munity in addition to skin dyskeratosis in the inherited disease
AIADK (OMIM no. 617388) (18) and murine NLRP1a activa-
tion causes pyroptosis in hematopoietic stem cells (35), we
tested whether DPP8/9 inhibition could induce inflammasome
activation and pyroptosis in human PBMCs. In three unrelated
healthy donors, talabostat treatment alone caused IL-1� secre-
tion to a similar extent to or at higher than levels than LPS (Fig.
3A). Importantly, similar to keratinocytes, talabostat induced
the cleavage of pro-IL-1� into its mature form (Fig. 3B, lanes 4
and 5 versus lanes 1 and 3), and this effect could be boosted by
prior LPS priming (Fig. 3B, lanes 8 and 9 versus lane 7).
Luminex analysis of PBMC-conditioned media revealed that
IL-1� was the most enriched cytokine after talabostat treat-
ment (Fig. 3C), similar to keratinocytes (Fig. 2B). PBMCs
underwent significant cell deaths as measured by PI influx, par-
ticularly in the leukocyte compartment, after talabostat treat-
ment (Fig. 3D). Taken together, these results demonstrate that
DPP8/9 inhibition by talabostat activates the inflammasome
and pyroptosis in PBMCs, similar to its effects on primary kera-
tinocytes (Fig. 2). Together with recent reports showing that
Dpp8/9 inhibition activates murine Nlrp1b, our present results
demonstrate that DPP9 is a conserved regulator of NLRP1
inflammasome in mammals, despite divergent ligand specifici-
ties across species. Using a panel of inflammasome knockout
murine bone marrow-derived macrophages, we independently
confirmed that talabostat induces IL-1� secretion in mice and
established that the effect of talabostat depends on Nlrp1a-b,
Asc, and caspase-1, but not Nlrp3 or caspase-11 (Fig. 2E).
Therefore, the downstream mechanisms of inflammasome
activation following DPP9 inhibition are also likely conserved
between humans and mice.

Figure 2. Human keratinocytes undergo NLRP1-dependent ASC speck formation, lytic cell death and mature IL-1� secretion upon DPP8/9 inhibition
or depletion. A, immortalized human keratinocytes (N/TERT-1) or primary foreskin keratinocytes were treated with 3 �M talabostat or 1 �g/ml LPS for 24 h.
Culture media were harvested, clarified by centrifugation, and analyzed by IL-1� ELISA. Statistical significance was calculated using one-way ANOVA with
Bonferroni’s multiple comparison test between all treatment groups. Bar graph represents biological triplicates. B, immortalized human keratinocytes were
treated with talabostat for 16 h. Cell culture media were collected and analyzed by Luminex assay. Heat map represents all cytokines or chemokines that
showed �2-fold increase in the 3 �M talabostat treated group versus control-treated cells. Cytokines/chemokines previously shown to be up-regulated in
MSPC patient-derived keratinocytes are shown in red (17). C, immortalized human keratinocytes (N/TERT-1) were treated 30, 3, and 0.3 �M of talabostat or
DMSO for 24 h. In parallel, cells were transfected with an empty vector of NLRP1 a.a. 1213–1474, and media were harvested 24 h post-transfection. The cell
culture media were concentrated 10 times using Amicon columns with a molecular mass cutoff of 3 kDa before SDS-PAGE. D, immortalized human keratino-
cytes were treated with 3 �M talabostat at the indicated times. In parallel, the cells were transfected with NLRP1 a.a. 1213–1474 and harvested 24 h later. Cell
pellets were lysed in radioimmune precipitation assay buffer and insoluble materials were cross-linked with 1 mM DSS in PBS to visualize ASC polymers by
SDS-PAGE. E, immortalized human keratinocytes (N/TERT-1) stably expressing ASC-GFP were treated with 2 �M talabostat or DMSO in the presence of
propidium iodide. The cells were imaged using a wide-field fluorescent microscope equipped with a temperature- and CO2-controlled chamber at 20�
magnification. Images were acquired every 10 min for 20 h. Left panel, cells before and �20 h after talabostat addition. Right panel, a close-up, time-course view
of a cell undergoing pyroptotic cell death following talabostat treatment. Yellow dotted line delineates cell periphery. Green arrow, ASC speck; white arrow,
membrane rupture; red arrow, PI influx. F, immortalized human keratinocytes (N/TERT-1) were treated with siRNAs against NLRP3, NLRP1, and ASC/PYCARD for
48 h before 3 �M talabostat treatment for 24 h. The cell pellets were lysed in radioimmune precipitation assay buffer, and the insoluble materials were
cross-linked with 1 mM DSS in PBS. Cell culture media were concentrated 10 times with Amicon columns with a molecular mass cutoff of 3 kDa before
SDS-PAGE. The asterisk indicates a nonspecific band with the NLRP1 antibody. G, immortalized keratinocytes stably expressing Cas9 or Cas9 with two
independent guide RNAs against NLRP1 and ASC were treated with 3 �M talabostat for 24 h. IL-1� in the culture media was analyzed by ELISA. Statistical
significance was calculated using one-way ANOVA with Bonferroni’s multiple comparison test between all treatment groups. Bar graph represents four
independent experiments. H, control or NLRP1 KO keratinocytes were treated with siRNAs against NLRP3, DPP8, DPP9, and DPP8 and DPP9 together for 72 h.
IL-1� in the culture media was analyzed by ELISA. Statistical significance was calculated using one-way ANOVA with Bonferroni’s multiple comparison test
between all treatment groups. Bar graph represents two biologically independent experiments.
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Human DPP9 represses NLRP1 via both its catalytic function
and NLRP1 binding

Our biochemical findings demonstrate that the inhibitory
function of DPP9 on NLRP1 may not involve the direct cleavage
of NLRP1 itself (Fig. S1, H and I). We therefore postulated that
DPP9 inhibition might activate human NLRP1 indirectly by
modulating its interacting partners. To test this, we immuno-
precipitated FLAG-tagged full-length NLRP1 from DMSO- or
talabostat-treated human cells and used MS to identify selec-
tively enriched NLRP1-interacting proteins (Fig. 4A and Fig.
S3A, lane 2 versus lane 3). We discovered multiple proteins that
selectively associate NLRP1 in untreated cells or following tala-
bostat treatment (Fig. 4B). Although the exact functions of
these proteins with regard to NLRP1 remain to be fully charac-
terized, we were surprised to identify DPP9 itself as one of the
most abundant, differentially enriched NLRP1-binding protein

in untreated cells. Talabostat treatment caused a �17-fold
reduction in the level of DPP9 associated with NLRP1 (Fig. 4B,
Fig. S3A, and Excel File S2). This effect was not restricted to
talabostat, because other DPP8/9 inhibitors including 1G244
and TCE007, which inhibit DPP8/9 in distinct modes, also
caused the dissociation DPP9 from NLRP1 (Fig. 4C, lanes
10 –12 versus lanes 8 and 9). These results suggest that the inhi-
bition of DPP9 catalytic activity is not the only effect of the
chemical DPP8/9 inhibitors, because they also significantly
affect the binding between DPP9 and NLRP1.

To examine how DPP9 catalytic activity and NLRP1 binding
each contributes to NLRP1 repression, we studied the catalyti-
cally inactive DPP9 point mutant S759A. In contrast to chemi-
cal inhibitors such as talabostat, the S759A mutation does not
compromise the ability of DPP9 to bind NLRP1 (Fig. 4, E, lane 5
versus lane 6, and F), but it completely eliminated the enzymatic

Figure 3. DPP8/9 inhibition causes inflammasome activation in human PBMCs. A, PBMCs from three independent healthy donors were isolated using
Ficoll gradients and treated with talabostat or LPS (1 �g/ml) for 16 h. Conditioned media were analyzed by IL-1� ELISA. Statistical significance was calculated
using one-way ANOVA with Bonferroni’s multiple comparison test between all treatment groups for each donor. Bar graph represents technical triplicates for
each comparison group. B, PBMCs (donor 1) was left untreated or primed with 1 �g/ml LPS for 1 h before talabostat treatment. 20 �l of unconcentrated
medium was used for SDS-PAGE. The band at �50 kDa likely represents albumin present in the FBS growth medium. Tumor necrosis factor � (100 ng/ml) was
included as a negative control. C, Luminex analysis of chemokines and cytokines induced in talabostat-treated PBMCs from all donors. p values were calculated
using Student’s t test after log transformation from all three donors. D, PBMCs from three healthy donors were primed and treated as in A. Cell death was
measured by LIVE/DEAD fixable Green Dead cell stain followed by FACS. The p values were calculated by one-way ANOVA after log transformation. E, murine
BMDMs from the WT (B6), Nlrp1a/b�/�, Casp1�/�, Asc/Pycard�/�, Casp11�/�, and Nlrp3�/� mice were primed with LPS (200 ng/ml) and treated with the 2.5 �M,
5 �M talabostat or 5 ng/ml nigericin 24 h. Cell culture medium was analyzed by murine IL-1� ELISA. Bar graphs represent data from biological triplicates.
Statistical significance was calculated with one-way ANOVA comparing the knockout groups to WT control.

DPP9 represses human NLRP1 inflammasome

18870 J. Biol. Chem. (2018) 293(49) 18864 –18878

http://www.jbc.org/cgi/content/full/RA118.004350/DC1
http://www.jbc.org/cgi/content/full/RA118.004350/DC1
http://www.jbc.org/cgi/content/full/RA118.004350/DC1
http://www.jbc.org/cgi/content/full/RA118.004350/DC1


DPP9 represses human NLRP1 inflammasome

J. Biol. Chem. (2018) 293(49) 18864 –18878 18871



activity of DPP9 toward a model substrate (Fig. 4D). Thus DPP9
S759A genetically dissociates the peptidase activity of DPP9
from its NLRP1 binding affinity (Fig. 4F). We next measured
the ability of WT and DPP9 S759A mutant to repress NLRP1
when re-expressed in DPP8/9 DKO 293T-ASC-GFP reporter
cells. Although WT DPP9 fully repressed NLRP1-dependent
ASC speck formation in DPP8/9 DKO cells (Fig. 4G, red bar,
and Fig. S3B), DPP9 S759A also led to significant but partial
repression (Fig. 4G, pink bar, and Fig. S3B). In contrast, the
DPP9 �hydrolase mutant, which lacks the catalytic domain and
does not bind NLRP1 (Figs. S1E, lane 8 versus lanes 6 and 7, and
S3B), failed to repress NLRP1-dependent ASC speck formation.
Taken together, these experiments reveal that the catalytic

function of DPP9 and its physical interaction with NLRP1 both
contribute to the inhibition of NLRP1 inflammasome.

NLRP1 FIIND is a necessary and sufficient DPP9-binding
domain

To understand NLRP1–DPP9 interaction in greater detail, a
series of NLRP1 truncation mutants were used to identify the
DPP9-binding domain in NLRP1 (summarized in Fig. 5A). This
analysis revealed that NLRP1 FIIND, an autoproteolytic
domain whose function had remained elusive, is the minimal
domain that is both necessary (Fig. 5, A and B) and sufficient
(Fig. 5C, lane 6 versus lane 5) for DPP9 binding. In addition, this
interaction requires the full FIIND, because neither the N-ter-

Figure 4. DPP9 enzymatic activity and NLRP1 binding both contribute to NLRP1 inhibition by DPP9. A, experimental strategy to identify talabostat-de-
pendent NLRP1-interacting proteins. 293T cells were transfected with NLRP1-FLAG and treated with DMSO or 3 �M talabostat for 24 h. Approximately 108 cells
were used for anti-FLAG immunoprecipitation and MS. B, MS spectral counts of NLRP1-interacting proteins in control versus talabostat-treated cells. Proteins
that are most enriched in untreated cells are in red. Proteins most enriched in talabostat-treated cells are in blue. C, 293T cells were transfected with NLRP1-FLAG
and treated with 3 �M talabostat, 10 �M 1G244, or 100 �M TCE007 for 24 h. 0.5 mg of whole cell lysate was used for anti-FLAG IP. D, 293T cells were transfected
with an empty vector, WT DPP9, or DPP9-S759A and lysed in PBS with 1% Tween 20 48 h afterward. 0.3 �g of total lysate was incubated with a fluorescent test
substrate, Gly-Pro-AMC. AMC fluorescence was measured for 30 mins at 25 °C in a 50-�l reaction every minute on a spectrometer. E, 293T cells were transfected
with NLRP1-HA, FLAG-tagged WT DPP9, or DPP9 S759A for 48 h. 0.5 mg of whole cell lysate was used for anti-FLAG IP. F, chemical inhibitors and S759A mutation
have different effects on the catalytic and NLRP1-binding function of DPP9. G, 293T-ASC-GFP DPP8/9 DKO cells were transfected with an empty vector control
or WT NLRP1 together with WT DPP9, DPP9 S759A, and DPP9 �hydrolase. The percentage of cells with ASC-GFP specks were counted in three different fields
on the mounted slides after fixation. Statistical significance was calculated with one-way ANOVA with Bonferroni’s multiple comparison test to compare with
all treatment groups. N.S., not significant. Bar graphs represent data from biological triplicates.

Figure 5. NLRP1 FIIND is a necessary and sufficient DPP9-binding domain. A, summary of mapping experiments to identify the DPP9-binding domain in
NLRP1. B, 293T cells were transfected with FLAG-DPP9 and HA-tagged NLRP1 domain truncation mutants and harvested 48 h after transfection. 0.5 mg of whole
cell lysate was used for anti-FLAG IP. Note that the post-cleavage N-terminal portion of the FIIND domain (a.a. 986 –1212 has reduced abundance but was not
enriched by FLAG-DPP9 IP. C, 293T cells were transfected as in B with full-length NLRP1 or NLRP1 FIIND (a.a. 986 –1373). 0.5 mg of total cell lysate was used for
anti-FLAG IP. D, domain structures of human NLRP1, CARD8, and UNC5CL. E, 293T cells were transfected with an empty vector, FLAG-tagged NLRP1, CARD8,
and UNC5CL. Transfected cells were treated with 3 �M talabostat for 24 h. 0.5 mg of whole cell lysate was used for anti-FLAG IP.
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minal nor the C-terminal post-proteolytic fragment alone was
sufficient (Fig. 5, A and B, lanes 7 and 10 versus lane 6, and Fig.
S1C, lane 5). NLRP1 FIIND is conserved between human and
rodent NLRP1 and also in a putative zebrafish homolog (36).
Although its autoproteolytic function has been shown to be
required for NLRP1 activation (17, 19), its overall role in NLRP1
regulation remains uncertain. Our results thus ascribe a new
function to the FIIND as a necessary and sufficient DPP9-
binding module. In support with this notion, another in-
flammasome regulator, CARD8, which also harbors an auto-
proteolytic FIIND domain (Fig. 5D), also binds DPP9 in an
talabostat-dependent manner, but a more distantly related
autoproteolytic protein UNC5CL does not (Fig. 5, D and E,
lanes 13 and 14 versus lanes 15 and 16). In fact, DPP9 was
identified the most abundant CARD8-interacting partner
through an independent, unbiased IP-MS proteomic experi-
ment using FLAG–CARD8 as the bait (Fig. S4, A and B). Nota-
bly, while this manuscript was in revision, an independent study
reported the role of DPP8/9 on CARD8-dependent pyroptosis
in leukemia cells (32). Our findings suggest that DPP9 –CARD8
FIIND association likely contributes to this effect.

Disruption of DPP9-NLRP1 FIIND association by a patient-
derived mutation in a human autoinflammatory disease

Recently our group and others have discovered that distinct
germline mutations in NLRP1 cause three human Mendelian
diseases, MSPC, familial keratosis lichenoid chronica, and
NLRP1-associated AIADK (Fig. 6A). In an effort to compre-
hensively compare the effects of these mutations, we consti-
tuted all NLRP1 mutants in NLRP1 KO keratinocytes. Similar
to the constitutively active NLRP1 fragment a.a. 1213–1474,
all patient-derived mutations led to ligand-independent IL-1�
secretion (Fig. 6B). These results biochemically confirm that
MSPC, familial keratosis lichenoid chronica, and AIADK are
indeed allelic diseases caused by constitutive NLRP1 inflam-
masome activation, despite distinct NLRP1 domains in which
these mutations are found. At the mechanistic level, the
gain-of-function effects of most of these mutations could be
explained by the inactivation one of the NLRP1 autoinhibitory
domains (Fig. 6A); however, one mutation P1214R found in an
AIADK patient (OMIM no. 617388) stands out. P1214R is
found in the NLRP1 FIIND domain (Fig. 6A) whose autopro-
teolytic function is required for NLRP1 activation. Its patho-
genic mechanism therefore remains unclear. Our discovery of
NLRP1 FIIND as a DPP9-binding domain prompted us to
examine whether this mutation impacts NLRP1–DPP9 associ-
ation. Despite the fact that Pro1214 is adjacent to the autocleav-
age (Phe1212–Ser1213) site, the P1214R mutation did not cause
an appreciable difference in the degree of autocleavage relative
to WT NLRP1 when expressed in 293T cells (Fig. 6C). However,
it is the only patient-derived mutation that disrupted DPP9
binding, both in the context of full-length NLRP1 (Fig. 6D, lane
8 versus lanes 2–7) and the isolated FIIND domain (Fig. 6E,
green, lane 12 versus lane 10 and lane 15 versus lane 13). Its
gain-of-function effects in keratinocytes still requires ASC,
because ectopic expression of NLRP1 P1214R failed to elicit
IL-1� secretion in ASC KO cells (Fig. S4C, green). We took
advantage of this observation and confirmed that the P1214R

abrogated the binding between NLRP1 and endogenous DPP9
in ASC KO keratinocytes (Fig. 6F, lane 7 versus lanes 5 and 6),
because mutant NLRP1 expression caused massive pyroptosis
in WT keratinocytes,

Taken together, these results suggest that the gain-of-func-
tion effect of AIADK mutation P1214R could be explained by
the derepression of NLRP1 inflammasome via loss of NLRP1–
FIIND and DPP9 binding. In addition, because other patient-
derived mutations do not impinge upon NLRP1–DPP9 associ-
ation (Fig. 6D, lane 2 versus lanes 3–7), our findings suggest that
the regulation of NLRP1 by DPP9 must function in parallel with
additional regulatory mechanisms, which likely involve other
NLRP1 domains such as PYD and LRR, to maintain NLRP1
inhibition in primary human cells. In agreement with this
hypothesis, DPP9 overexpression in keratinocytes did not alle-
viate the aberrant inflammasome activation caused by two rep-
resentative patient-derived non-FIIND NLRP1 mutations (Fig.
S4, D and E).

Discussion

Although NLRP1 was one of the first inflammasome sensors
to be identified, its function in innate immunity and human
inflammatory conditions has not been characterized in detail,
presumably because of the lack of knowledge of its endogenous
regulatory mechanisms and ligand specificity. We and others
have identified three human Mendelian diseases caused by
NLRP1 mutations, which demonstrate remarkable differences
from other inflammasome disorders (17, 18). This likely reflects
the distinct regulatory mechanisms governing NLRP1 function
in humans. Recently it was reported that chemical inhibitors
of dipeptidases Dpp8 and 9 activate murine Nlrp1b inflam-
masome and a noncanonical inflammasome consisting a
related sensor CARD8 (24, 25, 32). In this manuscript, we
report the findings from an independent investigation on
human NLRP1. Using biochemical reconstitution and func-
tional assays in primary human cells, we found that DPP9 is a
novel binding partner for human NLRP1 and a related inflam-
masome regulator CARD8. DPP9 inhibition causes NLRP1-de-
pendent ASC speck formation and IL-1� cleavage and primary
human keratinocytes and PBMCs. Mechanistically, DPP9 binds
to the autoproteolytic NLRP1 FIIND domain, and the disrup-
tion of the NLRP1–DPP9 interaction by a patient-derived
mutation in the FIIND domain causes spontaneous inflam-
masome activation, thereby offering a mechanistic explanation
for the Mendelian autoinflammatory disease, AIADK.

Our findings extend previous observations using chemical
inhibition of Dpp8 and 9 in rodent systems. Using genetic sep-
aration of function mutants, we found that both NLRP1 binding
and DPP9 enzymatic function must act together to repress
NLRP1 (Fig. 6G). This is consistent with one previous report
demonstrating that DPP9 regulates SYK level and B-cell activa-
tion through binding to a nonsubstrate interacting partner,
FLNA (28). However, it is currently unclear which DPP9 enzy-
matic substrate functions as the direct activator of NLRP1. Our
data are consistent with the model proposed by Okondo et al.
(24) in the murine system: it is likely that a yet-to-be-identified
protein, which is continuously inactivated by DPP8/9, serves as
an endogenous NLRP1 activator. A more detailed analysis of
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our proteomic data on the NLRP1 interactome (Fig. S1A and
Excel File S1) would help elucidate this missing link in future
investigations.

Our results have a number of implications for the regulation
of human inflammasome in general. We propose that NLRP1

acts as a sensor for a homeostasis-altering molecular process
(37) involving alterations of DPP9 function, which might be
suppressed during infection by an unknown foreign pathogen
effector. In this case, alterations of DPP9 function would alert
the host to a loss of cellular homeostasis. As a result, DPP9
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function must require constant monitoring by a dedicated sen-
sor, NLRP1. In the absence of any trigger, enzymatically active
DPP9 ensures that NLRP1 is kept in the inactive state in a
manner that requires DPP9 –FIIND domain interaction (Fig.
6G). Our work also identified a second FIIND-containing
inflammasome regulator, CARD8 as a DPP9-binding partner.
Although the role of CARD8 in human inflammasome regula-
tion remains to be clarified, germline mutations in CARD8 have
been shown to cause a Mendelian autoinflammatory syndrome
via the NLRP3 inflammasome (38). Because CARD8 does not
exist in rodents, it is very likely that DPP9 has broader functions
in the human innate immune system than previous mouse
experiments have demonstrated through its combined action
on human NLRP1 and CARD8 (Fig. 6G). This is supported by a
paper published recently (32) while this paper was under revi-
sion, demonstrating that DPP8/9 inhibitors elicit leukemia cell
pyroptosis via CARD8.

Our findings might help explain the potent immune-stimu-
lating effect of DPP8/9 inhibitor talabostat in vivo (39). Because
talabostat is currently undergoing preclinical evaluation as a
novel combination agent for cancer immunotherapy, our find-
ings raise the interesting possibility that the activation of
NLRP1 inflammasome is at least in part responsible for the
anti-cancer properties of talabostat. Furthermore, the human-
specific biology of DPP9 reported here, e.g. its effects on pri-
mary keratinocytes, should be carefully considered in moving
current DPP8/9 inhibitors from mouse models into patient
trials.

Experimental procedures

Cell culture

293Ts (laboratory stock, validated by ATCC cell authentica-
tion) was cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) without antibiotics. Immortalized kerati-
nocytes (N/TERT-1) (a generous gift from Rheinwald JG under
Material Transfer Agreement) (40) were cultured in keratino-
cyte serum-free medium with bovine pituary extract epidermal
growth factor in the presence of 0.3 mM CaCl2. PBMCs were
obtained from donor using Ficoll and cultured in RPMI
medium with 10% FBS. Primary human keratinocytes were cul-
tured using methods described by Rheinwald and Green (41).
BMDM were prepared from the bone marrow of Nlrp1(abc)�/�

(35), Casp1�/� (42), Asc�/� (43), Casp11�/� (44), and
Nlrp3�/� (45) mice, cultured in DMEM supplemented with
10% FBS and 10% L929-cell conditioned medium for 6 days.

Immunoprecipitation and MS

Small-scale immunoprecipitations were carried out by incu-
bating overnight 0.5 mg of total cell lysate prepared in 1� TBS–

Nonidet P-40 buffer (20 mM Tris-HCl, 150 mM NaCl, 0.5%
Nonidet P-40) and 10 �l of anti-FLAG-M2-agarose resin
(Sigma–Aldrich) in �300 –500 �l of total volume. Bound pro-
teins were eluted in 1� Laemmli’s buffer at 95 °C for 5 min.

For MS, �108 transfected 293T cells were lysed in 3 ml of 1�
TBS–Nonidet P-40 buffer, and 100 �l of anti-FLAG-M2-
agaorase beads were used for immunoprecipitation and
directed subjected to trypsin digestion after washes in lysis
buffer. An equal amount of peptides was taken for Tandem
Mass Tag (TMT) isobaric tag (Thermo) labeling. Following
labeling, the samples were combined, desalted, vacuum-dried,
and subsequently resuspended in 10 mM ammonia and using
step gradient fractionated on C18 high pH reverse phase mate-
rial using self-packed column (C-18 ReproSil-Pur Basic, Dr.
Maisch, 10 �m) with 12, 25, and 50% of acetonitrile in 10 mM

ammonia formate. Fractions were washed with 70% acetonitrile
with 0.1% formic acid, vacuum-dried, and subsequently ana-
lyzed using Easy nLC1000 (Thermo) chromatography system
coupled with Orbitrap Fusion (Thermo). Each sample was sep-
arated in 120-min gradient (0.1% formic acid in water and
99.9% acetonitrile with 0.1% formic acid) using 50-cm � 75-m
inner diameter Easy-Spray column (C-18, 2m particles;
Thermo). Data-dependent mode was used with a 3-s cycle and
Orbitrap analyzer (ion targets and resolution OT-MS 4xE5
ions, resolution 60K, OT-MS/MS 6E4 ions, resolution 15k).
Peak lists were generated with Proteome Discoverer 2.2 soft-
ware (Thermo) followed by searches with Mascot 2.6.1 (Matrix
Science) against concatenated forward/decoy Human Uniprot
database with following parameters: precursor mass tolerance
(MS) 20 ppm, OT-MS/MS 0.05 Da, three miss cleavages; static
modifications: carboamidomethyl (C), TMT6plex; variable
modifications: oxidation (M), deamidated (NQ), Acetyl N-ter-
minal protein. Forward/decoy searches were used for false dis-
covery rate estimation (1%).

Plasmid transfection and lentiviral transduction

All expression plasmids for transient expression was con-
structed based on the pCS2� backbone and cloned using
InFusion HD (Clontech). All 293T transfection experiments
were performed with Lipofectamine 2000 (ThermoFisher).
Keratinocytes were transfected with FuGENE HD (Promega).
Lentiviral constructs were based on pCDH-puro (System Bio-
sciences) and packaged with the third generation packaging
plasmids.

Chemical compounds

The small molecule inhibitors used are TC-E 5007 (Tocris),
sitagliptin (MedChemExpress), talabostat (MedChemExpress),
1G244 (Santa Cruz Biotechnology), LPS (Ultrapure, Esche-

Figure 6. Patient-derived NLRP1 FIIND mutation P1214R abrogates NLRP1–DPP9 binding and causes aberrant inflammasome activation. A, summary
of NLRP1 domain structure and all known NLRP1 mutations in human autoinflammatory diseases. B, 293T cells were transfected with WT NLRP1 or AIADK
mutant P1214R. 10 or 2 �g of total lysate was used for SDS-PAGE and Western blotting. C, NLRP1 KO immortalized keratinocytes were transfected with WT
NLRP1 or NLRP1 disease-associated mutants. Conditioned media were analyzed by IL-1� ELISA 24 h post-transfection. Statistical significance was calculated
with one-way ANOVA with Bonferroni’s multiple comparison test to compare with all treatment groups. Bar graph represents data from one representative
experiment from two biological replicates. D, 293T cells were transfected with WT NLRP1 or NLRP1 disease-associated mutants. Cell pellets were harvested 48 h
post-transfection. 0.5 mg of total cell lysate was used for anti-FLAG IP. E, 293T cells were transfected with full-length NLRP1 or FIIND mutants and treated with
DMSO or 3 �M talabostat. 0.5 mg of total cell lysate was used for anti-FLAG IP. Full-length NLRP1 P1214R and FIIND P1214R are highlighted in green. F, ASC KO
keratinocytes were transfected with an empty vector, WT NLRP1, or NLRP1 P1214R. Two concentrations of the WT NLRP1 constructs were used, as P1214R
demonstrated reduced accumulation in multiple experiments. 2 mg of total cell extract was used for anti-FLAG IP. G, proposed model for the role of DPP9 as
a multifunctional inflammasome regulator in primary human cells.
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richia coli O111:B4, Sigma–Aldrich), and nigericin (Invivogen,
catalog no. tlrl-nig).

Blue-Native and SDS-PAGE

Blue-Native PAGE was carried out using the Native-PAGE
system (ThermoFisher) with 10 –20 �g of total cell lysate fol-
lowed by dry transfer (TurboBlot, Bio-Rad) and Western blot-
ting. SDS-PAGE was carried out using precast TGX 4 –20% gels
(Bio-Rad).

CRISPR/Cas9 gene editing

DPP8/9 deletion in 293T-ASC-GFP cells was carried out
using a co-editing and positive selection protocol published by
the Doyon lab (46). Parental cells were co-transfected with plas-
mids (Plasmid catalog no. 62988) encoding guide RNAs against
DPP8, DPP9, and ATP1A (G2) in a ratio of 3:1. Clonal selection
was carried out in the presence of 1 �M ouabain (Sigma–
Aldrich). Lentiviral Cas9 and guide RNA plasmids (Addgene
plasmid catalog nos. 52962 and 52963) were used to create sta-
ble deletions of NLRP1 and PYCARD in keratinocytes. The
guide RNA target sequences are NLRP1 (CTATCAGCTGCT-
CTCGATAC, AGCCCGAGTGACATCGGTGG); ASC (CGC-
TAACGTGCTGCGCGACA, GCTAACGTGCTGCGCGAC-
AT); DPP9 (ATCCATGGCTGGTCCTACGG, TGTGTC-
GTAGGCCATCCAGA); and DPP8 (GAGGAGATAGCAAT-
TACCAG, TAGTTGTCCCAACATACGGA, GTGACAAGG-
CTGACTGACCG, ACCTGAAAAAGATCCAAAAG).

IL-1B ELISA and Luminex cytokine/chemokine array

Human IL-1B was measured with human IL-1B BD OptEIA
ELISA kit. Mouse IL-1B ELISA was measured with R&D DY401
ELISA kit. Luminex cytokine/chemokine array was carried
out using standard manufacturer-supplied protocol without
modification.

Measurement of cell death in PBMCs

After harvesting supernatants from PBMCs, the remaining
cell pellets were used for quantification of cell death. The cells
were washed in PBS, resuspended, and incubated for 10 min in
PBS containing 1:1000 LIVE/DEAD fixable green dead cell
stain (Thermo Fisher). The cells were then washed in staining
buffer containing PBS, 0.2% (v/v) FBS, and 2 mM EDTA. To
identify immune cell lineages, a surface stain was performed for
20 min in Brilliant stain buffer (BD Biosciences) containing
the following antibodies: CD4-BV786, CD8-Alexa Fluor
700, CD19-BUV496 (BD Biosciences), CD11c-BV421, CD123-
BV650, CD56-BV711 (Biolegend), and CD14-Viogreen (Milte-
nyi Biotec). Samples were acquired using a FACSymphony flow
cytometer (Becton-Dickinson) and analyzed with FlowJo V10
(FlowJo LLC).

Live-cell imaging

Live-cell imaging was performed on an Olympus IX-81 high
content screening, inverted microscope using a 300W metal
halide fluorescence lamp with enhanced EGFP and TRITC fil-
ters and an Olympus 20� objective with 0.17-nm glass correc-
tion. NTERT/1 cells engineered to express GFP-ASC were
seeded into chamber slides. The next day cells were either

treated with talabostat or left untreated. 1 �g/ml propidium
iodide was added to all wells. Live imaging was then conducted
in keratinocyte serum-free medium (ThermoFisher, 17005042)
at 37 °C within XL3 chamber (Pecon) with 5% CO2 supplied for
a total of �21 h, with images collected every 10 min. The images
were visualized and analyzed using Fiji (Image J) and are pre-
sented as representative images of three experiments.

LDH assay

NTERT/1 cells were seeded at 0.3 � 106 cells/well in 12-well
plates in KSFM 24 h prior to treatment. Supernatants were then
harvested and analyzed for LDH activity using an LDH cytotox-
icity assay kit (Pierce, ThermoScientific) according to the man-
ufacturer’s instructions. The percentage cytotoxicity of tala-
bostat was then calculated based on the percentage difference
compared with the LDH-positive control provided with the kit.
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