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ABSTRACT: Inflammasomes are multiprotein complexes formed in response
to pathogens. NLRP1 and CARDS8 are related proteins that form
inflammasomes, but the pathogen-associated signal(s) and the molecular
mechanisms controlling their activation have not been established. Inhibitors of
the serine dipeptidyl peptidases DPP8 and DPP9 (DPP8/9) activate both
NLRP1 and CARDS. Interestingly, DPP9 binds directly to NLRP1 and
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CARDS, and this interaction may contribute to the inhibition of NLRP1. Here,

we use activity-based probes, reconstituted inflammasome assays, and mass spectrometry-based proteomics to further
investigate the DPP9—CARDS interaction. We show that the DPP9—CARDS interaction, unlike the DPP9—NLRP1
interaction, is not disrupted by DPP9 inhibitors or CARD8 mutations that block autoproteolysis. Moreover, wild-type, but not
catalytically inactive mutant, DPP9 rescues CARD8-mediated cell death in DPP9 knockout cells. Together, this work reveals
that DPP9’s catalytic activity and not its binding to CARDS8 restrains the CARD8 inflammasome and thus suggests the binding

interaction likely serves some other biological purpose.

he innate immune system uses a wide array of germline-

encoded receptors to detect pathogens." Several of these
receptors recognize intracellular microbial structures and
activities and form multiprotein complexes called inflamma-
somes.”” Inflammasomes recruit and activate the cysteine
protease caspase-1, which in turn cleaves and activates the
inflammatory cytokines IL-1f and IL-18 as well as GSDMD.
The N-terminal fragment of GSDMD oligomerizes and forms
pores in the plasma membrane, inducing an inflammatory form
of cell death called pyroptosis (Figure S1).

Several members of the nucleotide-binding domain leucine
rich repeat (NLR) family of proteins form inflammasomes.
Human NLRP1, the first protein discovered to form an
inflammasome,” consists of an N-terminal pyrin domain
(PYD), followed by nucleotide-binding (NACHT), leucine-
rich repeat (LRR), found in ZO-1 and UNCS (ZUS), con-
served in UNCS, PIDD, and Ankyrin (UPA), and caspase
activation and recruitment (CARD) domains (Figure 1A).
NLRP1 undergoes autoproteolysis near the C-terminus of its
ZUS domain, generating two fragments that remain associated
in an inactive state.’”’ Humans also express CARDS, an
inflammasome-forming protein similar to the C-terminal
region of NLRP1 that also undergoes autoproteolysis within
its ZUS domain (Figure 1A).” Rodents have homologues of
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NLRP1 lacking N-terminal PYDs (Figure 1A) but do not have
CARDS8 homologues.

The pathogen-associated signal that NLRP1 detects, if a
single one exists, is not yet known. Bacillus anthracis lethal
factor (LF), a zinc metalloprotease, activates a subset of rodent
NLRP1 proteins,8 but not human NLRP1 or CARDS. LF
directly cleaves the sensitive NLRP1 alleles near their N-
termini,”'" inducing the proteasomal degradation of their N-
terminal fragments by the N-end rule pathway and releasing
their C-terminal fragments to activate caspase-1.">'® Several
additional pathogens, including Shigella flexneri, Listeria
monocytogenes, and Toxoplasma gondii, have also been reported
to activate rodent NLRP1 inflammasomes.'*™'® The Shigella
flexneri IpaH?7.8 ubiquitin ligase was recently shown to directly
ubiquitinate and activate mouse NLRP1B,"” but the mecha-
nism by which the other pathogens activate NLRP1, and
whether they also activate human NLRP1 and CARDS, is not
yet known.'* "¢
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Figure 1. DPP8/9 association with ZUS-UPA-containing inflamma-
some proteins. (A) Graphical representation of NLRP1 and CARDS
proteins. The site of autoproteolysis for each protein is indicated.
Allele 1 of mouse NLRP1B is shown. (B) Anti-FLAG IPs of lysates
from HEK 293T cells transiently transfected with constructs encoding
DPP9-VS (1 pg) and the indicated FLAG-tagged inflammasome
protein (1 ug). (C) Anti-FLAG IPs of lysates from HEK 293T cells
transiently transfected with constructs encoding the indicated V5-
tagged DPP (1 ug) and the indicated FLAG-tagged protein (1 ug).
Immunoblots depict input whole cell lysate (WCL) and captured
proteins (IP: FLAG).

Several small molecules have been discovered to modulate
inflammasome activity.'’~"’ These compounds have not only
been used as chemical probes to study inflammasome
regulation but have also attracted attention as potential

pharmaceuticals. In particular, inhibitors of DPP8 and DPP9
(DPP8/9) were the first agents identified to activate all
functional rodent NLRP1 proteins, human NLRPI1, and
human CARDS.'*"** DPP8/9 are highly related intracellular
serine dipeptidyl peptidases that cleave N-terminal dipeptides
from polypeptide substrates.”>** DPP8/9 inhibitors, like LF,
induce the proteasome-mediated degradation of the inflam-
masome N-terminal fragments, but the mechanistic basis of
this response remains unknown.'””’ Zhong and co-workers
recently reported that DPP9 directly binds to both human
NLRP1 and CARDS8 and suggested that the DPP9 protein
itself, in addition to its catalytic activity, may play a role in
inhibiting NLRP1.>' Here, we show that both NLRP1 and
CARDS do indeed associate with DPP9. However, unlike the
DPP9-NLRP1 interaction, the DPP9—CARDS interaction is
not disrupted by DPP8/9 inhibitors, or even by large activity-
based probes, and does not require CARD8 autoproteolysis.
Moreover, the catalytic activity of DPP9 is required to rescue
CARDS8-mediated cell death in DPP9 knockout cells. Overall,
this work reveals DPP9 activity, and not direct protein binding,
inhibits the CARDS8 inflammasome.

We first wanted to confirm that DPP9 interacts with human
NLRP1 and CARDS8. We therefore ectopically expressed VS5-
tagged DPP9 and FLAG-tagged NLRP1 or CARDS in HEK
293T cells, harvested lysates, and performed anti-FLAG
immunoprecipitations (IPs; Figure 1B). As previously
reported,”’ we observed that DPP9 bound to both CARDS
and NLRP1. We performed a similar experiment with mouse
NLRP1B (allele 1) and found that it also bound to DPP9
(Figure 1B).

Although DPP9 is the primary enzyme that restrains the
inflammasome, DPP8 plays a role in the absence of DPP9."”
DPP4 and DPP7 are highly similar to DPP8/9 but are not
involved in inflammasome regulation.lg’23 We thus tested
whether these DPPs could also bind CARD8 and NLRP1. We
found that DPP8, but not DPP4 or DPP7, was captured by
both CARDS8 and NLRP1 (Figure 1C). These results indicate
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Figure 2. CARDS autoproteolysis not required for the DPP9—CARDS interaction. (A—C) Anti-FLAG IPs of lysates from HEK 293T cells
transiently transfected with constructs encoding the indicated FLAG-tagged protein (2 yg). Lysates were treated with either DMSO or VbP (10
uM) for 1 h prior to IP. Immunoblots depict input whole cell lysate (WCL) and captured proteins (IP: FLAG). (D) Quantitation of DPP9
immunoblots from A—C. Data are means + SEM of three independent replicates. *p < 0.05; **p < 0.01; NS, not significant by two-sided Student’s

t test.
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that DPP9 is not the principal regulator of inflammasome
activation (over DPP8) due to a unique ability to bind NLRP1
and CARDS.

The NLRP1 FIIND domain, which is comprised of ZUS and
UPA subdomains, was reported to mediate the interaction with
DPP9.”! Moreover, the autoproteolysis-deficient mutant
NLRP1 FI1212A protein exhibited impaired binding to
DPPY, suggesting that autoproteolysis was required to create
the binding interface. It remains unknown whether autopro-
teolysis is similarly required for NLRP1B and CARDS binding
to DPP9. We therefore expressed autoproteolysis-deficient
mutant NLRP1 S1213A, CARD8 S279A, and NLRP1B S984A
proteins and performed anti-FLAG IP experiments with either
overexpressed DPP9 (Figure S2, Figure S3) or endogenous
DPP9 (Figure 2). The latter experiment was performed in
technical triplicate to enable quantification of the immunopre-
cipitated endogenous DPP9 (Figure 2D). NLRP1 S1213A was
defective in binding to overexpressed (Figure S3) and
endogenous DPP9 (Figure 2A,D), although binding was not
completely eliminated. Surprisingly, the CARD8 and NLRP1B
wild-type (WT) and mutant proteins bound similarly to DPP9
(Figure 2B—D, Figure S2, Figure S3). Thus, DPP9 does not
bind to the neo-N-terminus of the autoproteolytic C-terminal
fragment of CARD8 or NLRP1B. These data are consistent
with our recent report that the NH,—Ser-Pro neo-N-terminal
sequence of the NLRP1B C-terminal fragment is not a DPP9
substrate.”* Although CARDS autoproteolysis is not required
for DPP9 binding, only full-length CARDS, and not the
isolated N- or C-terminal fragments, binds to DPP9 (Figure
S2), as was previously observed with NLRP1.>!

Treatment of cells with small molecule DPP8/9 inhibitors,
including Val-boroPro (VbP), was reported to disrupt the
DPP9—NLRP1 interaction.”' On the basis of these data, the
authors suggested that VbP might induce inflammasome
activation, in part, by direct displacement of the DPP9—
NLRPI interaction. However, it was not established whether
the DPP9 inhibitors directly disrupted the binding interface or
whether the inhibition of DPP9 proteolytic activity in cells
indirectly disrupted the interaction. To test if VbP directly
displaced the protein—protein interaction, we treated NLRP1-
and DPP9-containing lysates, rather than cells, with VbP
before performing an anti-FLAG IP. We found that VbP only
slightly reduced (~2-fold) the binding of DPP9 to NLRPI.
However, VbP did not impact the binding of DPP9 to NLRP1
S1213A, CARDS (WT or S279A), or NLRPIB (WT or
S984A; Figure 2).

VbP is a relatively small compound (MW = 310). We
hypothesized a larger inhibitor might more dramatically affect
the protein—protein interactions, particularly if the interaction
was proximal to DPP9’s active site. Activity-based probes
(ABPs) are nonselective chemical probes that covalently
modify the active sites of mechanistically related enzymes.”*°
Fluorophosphonate (FP)-based ABPs have been extensively
used to profile the activity of serine hydrolases,”’ ~*” including
DPP8/9. We next synthesized a series of FP-biotin probes with
various length (n = 4, 11, or 23) polyethene glycol (PEG)
linkers that could be used to determine if larger inhibitors
could disrupt the DPP9—CARDS interaction (Figure 3A). We
then treated lysates from HEK 293T, THP-1 Cas9 (stably
expressing the Cas9 protein control), THP-1 DPP8/9 double
knockout, and MV4;11 cells with these ABPs and enriched
biotinylated proteins without protein denaturation (Figure
3B). The probes with the longer PEG chains, 2 and 3, captured
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Figure 3. An extended activity-based probe does not disrupt the
DPP9—CARDS interaction. (A) Structure of FP-PEG(n)-Biotin
probes. (B—D) Streptavidin enrichment of the indicated cell lysates
with the indicated FP-biotin probes. In C, lysates from DPP9 KO
HEK 293T cells transiently transfected with constructs encoding the
indicated DPP9 protein (1 ug) were treated with VbP or DMSO for 1
h. In D, lysates from HEK 293T cells were treated with VbP (10 M),
8] (20 uM), or 5385 (20 uM) for 1 h. (E) Lysates from HEK 293T
cells transiently transfected with constructs encoding the indicated
FLAG proteins were treated with VbP or 8] for 1 h, followed by probe
2 for 1 h, and subjected to anti-FLAG IP. Immunoblots depict input
whole cell lysate (WCL) and captured proteins from either FP-biotin
enrichment (IP: Biotin) or anti-FLAG IPs (IP: FLAG).

DPP9 from the wild-type but not the DPP8/9 knockout cells
(Figure 3B). The shorter probe 1 was less effective in pulling
down DPPY, likely because the biotin failed to extend out of
the DPP9 active-site channel. Consistent with this premise,
previous applications of probe 1 required a denaturing step to
capture biotinylated proteins.”® To confirm that capture of
DPP9 was due to covalent modification of the catalytic serine,
we treated lysates from cells ectopically expressing DPP9 or
catalytically inactive DPP9 S759A with DMSO or VbP prior to
labeling with 2 and enriching biotinylated proteins (Figure
3C). As expected, only DMSO-treated DPP9 was captured.
Similarly, FP enrichment of endogenous DPP9 in HEK 293T
lysates was blocked by VbP and the chemically distinct DPP8/
9 inhibitor compound 8], but not the DPP7 inhibitor 5385
(Figure 3D)."” To test whether 2 disrupted the DPP9—
CARDS interaction, we incubated lysates containing FLAG-
tagged CARD8 with DMSO, VbP, or 8], before treating with 2
(MW = 1087) and performing anti-FLAG IPs (Figure 3E).
Consistent with our previous results, VbP- and 8]-treated
DPP9 bound CARDS but was not labeled by 2. In addition, we
found that 2-labeled DPP9 equally bound CARDS, unequiv-
ocally demonstrating that inhibited DPP9 binds to CARDS.
Moreover, as the long FP-biotin probe did not impact DPP9—
CARDS8 binding, the binding surface likely does not include
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Figure 4. DPP9 proteolytic activity is necessary to rescue CARDS mediated cell death. (A) Anti-FLAG IPs of lysates from HEK 293T cells
transiently transfected with constructs encoding DPP9 S759A-VS (1 ug) and the indicated FLAG-tagged protein (1 ug). VbP was added to the
cells (“cell”) for 6 h before harvesting or to the cell lysates (“lys”) for 1 h after harvesting. Immunoblots depict input whole cell lysate (WCL) and
captured proteins (IP: FLAG). (B) DPP9 KO HEK 293T cells stably expressing the indicated protein were transiently transfected with constructs
encoding CARDS (0.05 ug) and CASP1 (0.025 ug). After 36 h, cells were treated with DMSO or VbP (10 nM or 10 uM) for 6 h, before cell
viability was evaluated by lactate dehydrogenase (LDH) release. Data are means = SEM of three biological replicates. *p < 0.0S, **p < 0.01 by two-
sided Student’s ¢ test. Lysates from these cells were harvested and protein levels evaluated by immunobloting and DPP activity assessed with GP-
AMC assay. (C—E) HEK 293T cells were transiently transfected with constructs encoding GFP-FLAG or CARDS-FLAG. After 48 h, DMSO or
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TMT quantification for CARD8 and DPP9 is shown (E).

the DPP9 active-site channel. Overall, these results demon-
strate that DPP8/9 inhibitors modestly interfere with the
direct binding of DPP9 to human NLRPI, but not CARDS.

It remained possible that DPP8/9 inhibitors indirectly
disrupt the CARD8—DPP9 interaction in cells, and that this
disruption contributes to CARDS8 inflammasome formation.
To determine if VbP indirectly disrupts the CARD8—DPP9
interaction, we performed IP experiments from VbP-treated
cells (Figure S4). Although VbP-induced degradation of the
inflammasomes'>*° confounded analysis of the DPP9—
inflammasome interactions, it appeared that CARDS still
bound approximately the same amount of DPP9 with and
without VbP treatment. We should note Zhong and co-
workers performed a similar experiment and observed that VbP
treatment slightly reduced CARD8—DPP9 binding.”' We are
unsure why our results differ, but our data collectively show
that VbP, at most, only slightly disrupts the CARD8—DPP9
interaction in cells.

We next wanted to determine if DPP9 binding contributes
to the inhibition of CARDS. If DPP9 does indeed inhibit
CARDS by direct binding, we hypothesized overexpression of
the catalytically inactive DPP9 S759A protein would rescue
spontaneous inflammasome activation in DPP9 deficient cells.
Indeed, previous work showed that DPP9 S759A partially
rescued spontaneous inflammasome formation in HEK 293T
DPP8/9 double knockout cells expressing NLRP1 and ASC-
GFP.”' We confirmed that DPP9 S759A binds to CARDS
(Figure S2, Figure 4A). Next, we confirmed that our DPP9
knockout HEK 293T cells were markedly deficient (~84%) in
dipeptidyl peptidase (i.e., GP-AMC cleavage) activity (Figure
SS). These data are consistent with previous observations in
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HeLa cells,”® and we speculate that DPP9 plays a more
important role than DPP8 in restraining the NLRP1 and
CARDS inflammasomes because DPP9 is responsible for the
majority of intracellular postproline dipeptidase activity.'”*°
We then stably reintroduced RFP, DPP9 WT, or DPP9 S759A
in these knockout cells. As expected, DPP9 S759A expression
did not alter GP-AMC activity in lysates, whereas DPP9 WT
expression dramatically increased dipeptidase activity (Figure
4B). We then transiently transfected constructs encoding
CARDS8 and CASPI1 into these cells and found that
reintroduction of WT, but not S759A, DPP9 reduced LDH
release (Figure 4B). Furthermore, inhibition of the recon-
stituted DPP9 activity with VbP restored cell death. We
observed reduced levels of both CARD8 and CASP1 protein in
cells without DPP9 activity (Figure 4B), likely due to the
toxicity of their expression in these cells. Overall, these data
show that DPP9’s catalytic activity, and not its CARD8 binding
capacity, inhibits the CARDS8 inflammasome.

Although DPP9 inhibition did not significantly affect the
DPP9—CARDS interaction, it remained possible that other
CARDS interactors were more dramatically influenced by
DPP9 inhibition. To unbiasedly investigate CARDS8 inter-
actions, we ectopically expressed FLAG-tagged CARDS8 or
GFP in HEK 293T cells, treated cells with DMSO or VbP, and
performed anti-FLAG IPs. The captured proteins were then
eluted, digested with trypsin, labeled with tandem mass tags
(TMT), and analyzed by mass spectrometry (Table S1).
Consistent with previous results,”’ DPP9 was strongly
enriched in the CARDS IP relative to the GFP IP (Figure
4C). Interestingly, a number of DNAJ chaperone proteins,
including DNAJA2, were also enriched. We recently found that
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DNAJA2 is required for the activation of the NLRPI1B
inflammasome in RAW 264.7 cells,"* and these results suggest
that CARD8 and NLRP1 inflaimmasomes are likely direct
clients for DNAJA2 and related chaperones. We did not find
any major differences, including in the amount of DPP9
binding, between VbP- and DMSO-treated samples (Figure
4D,E). These data further support that VbP does not directly
disrupt the CARD8—DPP9 interaction and that protein
binding is unlikely to directly regulate CARDS activation.

In summary, here we have shown that NLRP1 and CARD8
interact with both DPP8 and DPP9. Interestingly, we found
that the binding properties of CARD8 and NLRP1 to DPP9
are different—the NLRPI1, but not the CARDS, interaction
requires autoproteolysis and is modestly disrupted by chemical
inhibition. Moreover, while DPP9 may inhibit NLRP1, in part,
by direct protein binding,”' DPP9 binding does not appear to
directly restrain the CARDS inflammasome. The biological
significance of these differences warrants future study. Overall,
as binding seems to play a small, if any, role in direct
inflammasome inhibition, we speculate that DPP9 instead
binds to NLRP1 and CARDS in order to localize dipeptidyl
peptidase activity near the inflammasome in cells. Future
investigations are needed to identify the key substrate(s) of
DPP9 and to clarify the biological function of DPP9’s
association with the inflammasome proteins.

B METHODS

General Experimental Procedures. A complete description of
methods is given in Supporting Information.
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