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Summary:

Inflammasomes integrate cytosolic evidence of infection or damage to mount inflammatory
responses. The inflammasome sensor NLRP1 is expressed in human keratinocytes and coordinates
inflammation in the skin. We found that diverse stress signals converge on the activation of p38
kinases to initiate human NLRP1 inflammasome assembly: UV irradiation and microbial
molecules that initiate the ribotoxic stress response critically relied on the MAP3 kinase ZAKa to
activate p38 and ultimately human NLRPI. Infection with insect-transmitted alphaviruses,
including Semliki Forest, Ross River, and Chikungunya virus, also activated NLRP1 in a p38-
dependent manner. In the absence on ZAKuo, inflammasome assembly was maintained, although
at reduced levels, indicating contribution of other upstream kinases. NLRP1 activation by direct
nanobody-mediated ubiquitination was independent of p38 activity. Stimulation of p38 by
overexpression of MAP2 kinases MKK3 or MKKG®6 is sufficient for NLRP1 activation, and NLRP1
is directly phosphorylated by p38. Taken together, we define p38 activation as a unifying signaling
hub that controls NLRP1 inflammasome activation by integrating a variety of cellular stress signals
relevant to the skin.

Keywords:

NLRPI, inflammasome, ribotoxic stress response, p38, MAP kinase, ZAKa, alphavirus,
nanobody, VHH, keratinocyte
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Introduction

Inflammatory responses to counteract infection or tissue damage are orchestrated by a multi-
layered network of locally and systemically acting signaling cascades. Nucleotide-binding domain
and leucine-rich repeat (LRR) containing proteins (NLRs) are critical for the detection and
regulation of the early innate immune response in mammalian cells. NLRP1, NLRP3 and other
family members initiate the formation of multi-protein-complexes described as inflammasomes
(Broz and Dixit, 2016; Mitchell et al., 2019; Tschopp et al., 2003). In response to sensor-specific
stimulation, they recruit and nucleate polymerization of the adaptor protein ASC, resulting in
micrometer-sized ASC specks within the cell that represent potent caspase-1-activating platforms
(Broz et al., 2010). Mature caspase-1 processes the proinflammatory cytokines interleukin (IL)-
1B/IL-18 and the pore-forming protein gasdermin D (GSDMD), which leads to pyroptotic cell
death (Broz and Dixit, 2016).

Human NLRP1 exhibits a unique domain structure and contains both an N-terminal pyrin domain
(PYD) and a C-terminal caspase recruitment domain (CARD) (Martinon et al., 2002; Yu et al.,
2017). Autoproteolytic processing of NLRP1 in the ‘function to find domain’ (FIIND) is required
for inflammasome formation as it generates the FIINDVPA-CARD fragment, which can recruit ASC
to initiate the inflammasome response (D’Osualdo et al., 2011; Finger et al., 2012; Gong et al.,
2021; Robert Hollingsworth et al., 2021; Sandstrom et al., 2019). In steady-state, FIINDUPA-CARD
remains associated with the N-terminus; FIINDYPA-CARD released from the N-terminus can also
be sequestered by association with DPP9 (Hollingsworth et al., 2021; Huang et al., 2021; Okondo
etal., 2018; Zhong et al., 2018). FIINDYPA-CARD is released by the inhibition of DPP9 (Okondo
et al., 2018; Zhong et al., 2018) or by degradation of the NLRP1 N-terminus. The latter activation
mechanism enables NLRP1 to detect pathogenic protease activity, as shown for enteroviral
proteases (Robinson et al., 2020; Tsu et al., 2021). Other reported stimuli of NLRP1 are ATP
depletion (Liao and Mogridge, 2013), UV irradiation (Feldmeyer et al., 2007; Fenini et al., 2018a),
Semliki Forest virus (SFV) infection, and dsRNA (Bauernfried et al., 2020). How signaling by
these diverse triggers converge, and how they activate NLRP1, is only partly understood.

In rodent Nlrp1b, the N-terminal PYD is replaced by unrelated sequences (Yu et al., 2017). While
activation by Dpp9 inhibition is shared with human NLRP1 (Gai et al., 2019; de Vasconcelos et
al., 2019), Nlrp1b can be activated by unique triggers such as anthrax toxin lethal factor (Levinsohn
et al., 2012), but does not respond to SFV or dsRNA (Bauernfried et al., 2020). The human
inflammasome sensor CARDS exhibits an autoproteolytically processed FIINDYPA-CARD
fragment similar to NLRP1 and represents the dominant sensor of DPP9 inhibition in a variety of
cell types and cell lines (Johnson et al., 2018). Importantly, CARD8 FIINDVPA-CARD directly
engages pro-caspase-1 and is not able to assemble ASC specks (Gong et al., 2021).

In human keratinocytes, NLRP1, but not CARDS, assembles functional inflammasomes
(Bauernfried et al., 2020; Burian and Yazdi, 2018; Fenini et al., 2018a). The prominent role of
NLRP1 in the skin is underlined by strong pathological manifestations in the skin observed in
patients bearing gain-of-function mutants of NLRP1 (Herlin et al., 2019; Zhong et al., 2016). In
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this study, we analyzed the signaling cascades upstream of NLRP1 and investigated whether
different signaling inputs employ a common mechanism to initiate NLRP1 activation.

Results
Robust quantification of human NLRPI inflammasome assembly by flow cytometry

To identify and evaluate (patho)physiological triggers of NLRP1, we used two complementary
cellular systems: In a bottom-up approach, we reconstituted NLRP1 inflammasome components
in human embryonic kidney (HEK) 293T cells (Fig. 1). To study human NLRP1 at endogenous
levels in a physiologically relevant cell type, we used immortalized N/TERT-1 keratinocytes (Fig.
2). As a readout for activation, we decided to evaluate the assembly of ASC specks, as all
downstream effects of NLRP1 rely on the formation of these large macromolecular assemblies,
and as CARDS is not able to initiate ASC specks. Formation of ASC specks is the most proximal
event to NLRP1 activation that can be robustly detected and, importantly, is not regulated at the
transcriptional level and thus insensitive to most indirect effects.

We equipped a monoclonal HEK 293T cell line expressing ASC-EGFP from a weak ubiquitin
promoter (pUbC) with either NLRP1 or NLRP3, which was likewise under the control of pUbC
(Fig. 1A). We next selected clones with optimal signal to noise ratio (HEKNLRPIFASC gpd
HEKNLRP3*ASCY and  quantified assembly of ASC specks by flow cytometry, exploiting the
characteristic redistribution of ASC-EGFP into a single speck per cell: Cells with ASC-EGFP
specks passing the detectors of the flow cytometer cause a characteristic EGFP signal with
decreased width and increased height, compared to untreated cells with diffuse ASC-EGFP, which
show a broader, less intense EGFP signal (Sester et al., 2015) (Fig. 1A). To validate the cell lines,
we treated them with the DPP9 inhibitor talabostat (Tal) (Fig. 1, A and B, and fig. S1A). More
than 40% of the cells expressing NLRP1 assembled ASC specks in response to talabostat, while
none of the NLRP3-expressing cells showed a response. HEKNLRP3FASC agsembled ASC specks
after treatment with LPS and nigericin, validating a functional NLRP3 inflammasome (fig. S1B).

We next tested whether UV treatment as a common environmental threat to keratinocytes activated
NLRP1 as postulated before (Fenini et al., 2018a). We found that UV treatment of HEKN-RPI+ASC
cells, but not HEKNLRP3*ASC cels indeed induced the assembly of inflammasomes, which were
robustly detectable after 20 h (Fig. 1C). Depletion of cellular energy levels had likewise been
proposed to activate NLRP1 (Liao and Mogridge, 2013). ATP depletion in reporter cells with azide
and 2-deoxyglucose (2-DG) rapidly led to NLRP1-dependent ASC specks (Fig. 1D). Due to the
strong toxicity of the treatment to the cells, inflammasome assembly was quantified after 6 h.
Cytosolic double-stranded RNA (dsRNA) was recently proposed to activate NLRP1 as a direct
ligand (Bauernfried et al., 2020). We therefore transfected reporter cells with the synthetic dSRNA
poly(I:C), or double-stranded DNA in the form of synthetic poly(dA:dT) or herring testis DNA
(HT-DNA). Cytosolic delivery of neither molecule was able to robustly activate NLRP1 or NLRP3
inflammasomes above background levels (Fig. 1E).

To assess human NLRP1 inflammasome assembly in keratinocytes expressing endogenous levels
of NLRP1 and ASC, we equipped N/TERT-1 keratinocytes known to express NLRP1 (Zhong et
al., 2016) with a reporter construct composed of the caspase recruitment domain (CARD) of
caspase-1 (C1C) fused to EGFP. C1C-EGFP is efficiently recruited to ASC specks, allowing
visualization and quantification of inflammasome assembly by fluorescence microscopy and flow
cytometry, exploiting the characteristic redistribution of fluorescence into a single speck per cell
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as for ASC-EGFP (Fig. 2A, and fig. S2A). Unlike fluorescent fusions of ASC, however, this
reporter does not alter the endogenous levels of ASC, cannot assemble specks by mere
overexpression, and lastly also recapitulates the recruitment of caspase-1. All experiments for the
quantification of specks were performed in the presence of the caspase-1 inhibitor Vx-765 (VX)
to avoid loss of responding cells by pyroptosis. The novel reporter will be described and
characterized in greater detail in an independent study (in preparation). Importantly, N/TERT-1¢1¢-
EGEP cells exhibited robust inflammasome assembly after talabostat stimulation and no specks were
observed in cells lacking ASC or NLRP1 (Fig. 2, A and B). Only around 2% of keratinocytes
assembled ASC specks in response to talabostat, which may be attributed to the endogenous
protein levels or a higher threshold of activation. Importantly, no specks whatsoever were observed
in the absence of activation, which allowed us to confidently quantify inflammasome triggers with
low response rates. N/TERT-1 keratinocytes express pro-IL-1f and can therefore secrete caspase-
I-matured IL-1P upon inflammasome activation. We found that secretion of mature IL-1f
correlated well with the observed speck response (Fig. 2C). Primary Normal Human Epidermal
Keratinocytes (NHEK) can be efficiently transduced with lentiviruses. This allows us to equip
those cells with C1C-EGFP as well to validate the most important findings in primary cells. NHEK
robustly assembled ASC specks in response to talabostat treatment (Fig. 2D). We next tested other
described NLRP1 activators and found that N/TERT-1“1¢-ECFP cells assembled inflammasomes
upon UV treatment and exhibited a response rate comparable to talabostat (Fig. 2E). No ASC
specks or IL-1f secretion were detected in response to azide and 2-DG, although it cannot be ruled
out that this is caused by the rapid cell death upon ATP depletion (Fig. 2, F and G). Unlike
HEKNLRPIHASC N/TERT-1C1CECEP agsembled inflammasomes and secreted IL-1f when transfected
with dsRNA as well as DNA (Fig. 2, H and I), suggesting that additional factors absent in HEK
293T cells contributed to NLRP1 activation.

The established series of reporter cells robustly recapitulated NLRP1 inflammasome assembly
combined with simple quantification by flow cytometry. HEK-based reporter cells that only differ
by the expressed inflammasome sensor NLRP1 or NLRP3 can help to distinguish whether any
treatment affects inflammasome assembly in general, or NLRP1 inflammasomes specifically. The
HEK reporters exhibit a high fraction of responding cells and we found that they are less sensitive
to treatments with potentially cytotoxic effects. N/TERT-1-based reporter cells reflect endogenous
protein levels in a cell type relevant for NLRP1 inflammasomes and recapitulate the entire
inflammatory signaling pathway.

Direct targeting of NLRP1 PYD for ubiquitination is sufficient for activation

Murine Nlrplb (mNlrplb) is activated by proteolytic cleavage of the N-terminus by B. anthracis
lethal factor (Chavarria-Smith and Vance, 2013; Levinsohn et al., 2012), while human NLRP1 is
cleaved and activated by viral proteases (Robinson et al., 2020; Tsu et al., 2021). This is followed
by proteasomal degradation of the destabilized N-terminus, releasing the C-terminal FIINDUPA-
CARD fragment sufficient for inflammasome assembly (Chui et al., 2019; Sandstrom et al., 2019).
mNIrplb was also shown to be directly activated by a ubiquitin ligase of the human pathogen
Shigella flexneri (Sandstrom et al., 2019). To test if ubiquitination of human NLRP1 with its
distinct N-terminus was also sufficient for activation, we sought to engineer an experimental setup
to specifically ubiquitinate human NLRP1 at will. We immunized alpacas with the PYD of NLRP1
and employed phage display to identify NLRP17YP-gpecific variable domains of heavy chain-only
antibodies (VHH), also described as nanobodies (fig. S3A). Specific binding of VHH~irp1 pYD 1
(VHHPYD 1) and VHH~trp1 PYD 2 (VHHPYD 2) to NLRP1PYP was confirmed by ELISA (ﬁg. S3B).
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Unlike antibodies, nanobodies often function in the reducing environment of the cytosol. They can
thus be genetically fused to enzymes to recruit their activity to the target proteins of nanobodies.
To explore whether NLRP1PYP-gpecific nanobodies allow activation of NLRP1 by targeted
ubiquitination, we next generated expression vectors for fusions of nanobodies to the human
ubiquitin ligase receptor von Hippel Lindau (VHL) (Fig. 3A). Endogenous VHL serves as a
ubiquitin ligase receptor for modular Cullin-2 ubiquitin ligases and mediates the constitutive
ubiquitination and proteasomal degradation of HIFla under normoxic conditions (Haase, 2009),
suggesting that overexpression as such will not alter cellular states at normal oxygen levels.
Overexpressed VHL-VHH fusions have been successfully used to mediate proteasomal
degradation of VHH targets (Fulcher et al., 2017).

We next transfected HEKNIRPIFASC cells with expression vectors for epitope-tagged VHHSs or
VHL-VHH fusions. Transient overexpression of FLAG-tagged VHL-VHHpyp 1 and VHL-
VHHpyp 2 induced ASC speck formation in more than 40% of ASC-EGFP positve cells (Fig. 3B,
fig. S3C). When we gated for FLAG-positive cells, almost 80% of the cells exhibited ASC specks
(Fig. 3C), indicating near complete activation of NLRP1 in cells expressing the fusion protein,
likely independent of the bottlenecks of endogenous NLRP1 activation yielding lower response
rates. Importantly, NLRP1 was not activated by overexpression of the nanobodies alone, or by
VHL fusions to a control nanobody targeting influenza A virus NP (Ashour et al., 2015) (Fig. 3B).
VHL-VHHpyp 1 and VHL-VHHpyp 2 did not activate NLRP3 inflammasomes either. Cullin-based
ubiquitin ligase complexes are critically dependent on modification with the ubiquitin-like
molecule NEDDS8 (Soucy et al., 2009). Inhibition of NEDD8-activating enzyme with MLN4924
(MLN4) 4 h post transfection blocked NLRP1 inflammasome activation without changing the
expression levels of VHL-VHHpyp 1 and VHL-VHHpyp 2 (Fig. 3C, fig S3D), confirming that
inflammasome assembly in this setup depended on cullin ubiquitin ligase activity. Importantly,
unlike the proteasome inhibitors MG-132 and bortezomib as well as the E1 inhibitor MLN7924
(MLN7), MLN4 was not toxic during prolonged treatment up to 20 h.

We next generated N/TERT-1 keratinocyte cell lines expressing C1C-EGFP as well as VHHs or
VHL-VHH fusions under the control of a bidirectional doxycycline-inducible promoter. Induced
expression of VHL-VHHpyp 1 and VHL-VHHpyp 2 triggered inflammasome assembly detectable
as early as 6 h post induction, with faster activation by VHHpyp 1 than by VHHpyp 2 (Fig. 3D, fig.
S3E). Again, response rates were substantially higher than after talabostat treatment. Neither
nanobody expression alone, nor VHL fusions to the control nanobody VHHxp.1 induced
inflammasome assembly. The rapid inflammasome assembly allowed us to quantify responses in
the presence of inhibitors of E1 ubiquitin activating enzyme (MLN7), the proteasome (MG-132),
as well as neddylation (MLN4) (Fig. 3E). We found that inflammasome assembly was completely
blocked by either inhibitor, indicating that VHL fusions of NLRP1?YP nanobodies indeed rely on
the activation of ubiquitin, cullin ubiquitin ligases, as well the proteasome to mediate
ubiquitination and N-terminal degradation of NLRP1. None of the inhibitors affected expression
levels of C1C-EGFP (fig. S3F). Assembly of ASC specks was accompanied by both pyroptotic
cell death, as assessed by release of lactate dehydrogenase (LDH) (Fig. 3, F and G), and robust IL-
1B secretion (Fig. 3, H and I). This confirmed the use of ASC specks as a robust readout for
inflammasome responses. Pyroptosis and cytokine secretion were completely abrogated by
caspase-1 inhibition with Vx-765 as expected. Likewise, interference with cullin neddylation
abrogated all inflammasome responses (Fig. 3, E, G and I). All generated cell lines exhibited
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comparable levels of pyroptosis and IL-1p release when treated with talabostat in the absence of
transgene expression (fig. S3, G and H).

We thus demonstrate that ubiquitination of human NLRPI is sufficient for its activation by N-
terminal degradation. Importantly, this well-controlled system allows the precise direct activation
of NLRP1 in the absence of any upstream signal amplification. It neither relies on small molecules
with difficult to evaluate specificity, nor on pathogen infection or pathogen-associated molecular
patterns that may trigger multiple pathways at the same time. In our efforts to define the signaling
cascades of physiological NLRP1 activation, this system will therefore serve as a valuable control
to distinguish perturbations that affect NLRP1 inflammasomes directly from those that interfere
with the upstream signals initiated by one or several triggers.

UV treatment activates NLRPI inflammasomes through p38 kinase activity

We next followed up on NLRP1 activation by UV, as this is a relevant (and known) environmental
trigger of inflammation. Human keratinocytes are regularly exposed to UVB, and UV-triggered
activation of NLRP1 was well recapitulated in HEK 293T and N/TERT-1 keratinocyte-based
reporter cells (Fig. 1C and 2E). UV irradiation damages multiple molecules in the cell directly or
indirectly. This includes 1) DNA damage and activation of distinct signaling pathways including
kinases ATM and ATR, 2) RNA damage inducing the ribotoxic stress response, as well as 3) the
generation of reactive oxygen species (ROS) modifying multiple molecule classes. Induction of
DNA damage in HEKN-RPIFASC reporter cells with doxorubicin and etoposide did not initiate
inflammasome assembly beyond background levels, although phosphorylation of YH2AX as
readout for ATM activation could be verified by flow cytometry (fig. S4A). Likewise, inhibition
of ATM or ATR did not impair UV-induced NLRP1 activation (fig. S4B). While H>O> treatment
caused NLRP1 inflammasome activation in HEKNMRPIFASC cells and even some NLRP3-
dependent specks in HEKNIRP3HASC (fig S4C), no H20»-mediated inflammasome activation or IL-
1B secretion was observed in N/TERT-1¢1CECGFP (fig S4 D and E). This suggested that ROS were
not sufficient for the NLRP1 inflammasome activation observed in both cell types.

UV treatment activates the ribotoxic stress response by damaging cellular RNA. This includes
damage of ribosomal RNAs that results in clashing ribosomes. This response initiates MAP kinase
signaling by activating the mitogen-activated protein kinase kinase kinase (MAP3K) ZAKa
(MAP3K20)(Vind et al., 2020a; Wang et al., 2005), which phosphorylates mitogen-activated
protein kinase kinases (MAP2K) MKK3 (MAP2K3) as well as MKK6 (MAP2K6) (Vind et al.,
2020b). These, in turn, activate the four p38 isoforms p38a (MAPK14), p383 (MAPK11), p38y
(MAPK12), and p386 (MAPK13) by phosphorylation (Canovas and Nebreda, 2021). p38a is
abundantly expressed in many cell types, while p38p is ubiquitously expressed at low levels. P38y
and p386 exhibit more tissue-restricted expression patterns. To test whether UV-induced
inflammasome assembly relied on the ribotoxic stress response and p38 signaling, we quantified
speck formation in HEKNFRPI#ASC and N/TERT-1C1C-ECFP cells treated with the p38a/f inhibitor
SB202190 (SB), or the pan-p38 inhibitor doramapimod (Dora) (Fig. 4, A and B). Assembly of
ASC specks was completely abrogated by both inhibitors, suggesting that UV-induced NLRP1
activation was indeed critically dependent on p38 kinase activity. In line with that, we observed
robust phosphorylation of p38 after UV irradiation (Fig. 4C). Inflammasome assembly was not
sensitive to ISRIB, an inhibitor of the integrated stress response, and only partially affected by
Jnk-In-8 (Jnk), a reversible inhibitor of INK1, JNK2, and JNK3. When we used PF3644022 (PF)
to inhibit MAPKAPK2 (MK2), an effector kinase directly phosphorylated by p38 regulating
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stability of mRNA transcripts, no changes in NLRP1 activation were observed. This indicates that
inflammasome activation was not caused by altered mRNA stability, although p38-dependent gene
regulation could not be ruled out.

The ribotoxic stress response triggers NLRPI activation

We next evaluated whether other activators of the ribotoxic stress response were also able to
activate NLRP1 inflammasomes. We first tested anisomycin (Aniso), an antibiotic produced by
Streptomyces griseolus, which inhibits protein synthesis by interfering with peptide bond
formation. Anisomycin is one of the strongest activators of ZAKo phosphorylation and the
ribotoxic stress response, resulting in rapid p38 phosphorylation (Vind et al.,, 2020a). We
confirmed robust phosphorylation and thus activation of p38 in HEK 293T cells and keratinocytes
after anisomycin treatment by immunoblot and flow cytometry with phospho-p38-specific
antibodies, suggesting that the ribotoxic stress response is functional in HEK 293T cells and
N/TERT-1 keratinocytes (Fig. 4, D, E and F). Anisomycin treatment activated NLRP1
inflammasomes in HEKNRPIFASC and N/TERT-1C1C-ECFP ¢ells in a dose-dependent manner (Fig.
4, G and I). The fraction of responding cells was comparable to talabostat in HEK-based systems
and substantially stronger than talabostat in keratinocytes, with more than 15% of the cells
assembling ASC specks. Robust inflammasome assembly was already observed after 6 h (movies
S1-3, fig. S4, F and I). Subsequent stimulation experiments were thus performed for 6 and 20 h
(fig. S4, G and J), to allow shorter treatments with toxic inhibitors (6 h) or full comparability to
other, slower NLRP1 activators such as talabostat (20 h). ASC speck assembly depended on
NLRP1, as neither HEKN-RP3TASC cells (Fig. 4G), nor NLRP1 or ASC knockout cell lines of
N/TERT-1C¢1CEGEP a5sembled specks in response to anisomycin (Fig. 4K). Anisomycin-triggered
inflammasome assembly was sensitive to inhibitors of p38a/p or pan-p38 inhibitors (Fig. 4, G and
K, Fig. 5, A, C, E, and F). Note that p38 inhibitors do not necessarily inhibit phosphorylation of
p38 by upstream kinases, although reduction was observed that may be attributed to feedback
loops. As expected, anisomycin treatment also induced the release of IL-1P in a p38-dependent
manner (fig. S4, L-N). Primary keratinocytes also responded to anisomycin treatment by robust
assembly of ASC specks detected with C1C-EGFP, which were likewise sensitive to p38-
inhibitors (Fig. 4L).

Lactimidomycin (Lacti) from Streptomyces amphibiosporus and cycloheximide (CHX) inhibit
ribosomes by interfering with polypeptide translocation and thus activate the ribotoxic stress
response by a different mechanism than anisomycin. Lactimidomycin was found to be a stronger
activator of the ribotoxic stress response than CHX (Vind et al., 2020a). Both lactimidomycin and
CHX activated NLRP1 inflammasomes in a dose-dependent manner in HEK cells and
keratinocytes (Fig. 4, H and J, fig. S4, H and K, movie S4), with a stronger response to
lactimidomycin. Concordant with speck responses, IL-1B secretion after CHX treatment was
weaker than after anisomycin treatment (fig. S4M). Speck assembly after lactimidomycin
stimulation was dependent on NLRP1 and ASC (Fig. 4K). Responses were sensitive to p38
inhibitors, confirming the involvement of the ribotoxic stress response (Fig. 4K, Fig. 5, B, C and
F, fig. S4H). Lactimidomycin-induced p38-dependent inflammasome activation was also observed
in primary keratinocytes (Fig. 4L).

In the course of our efforts to generate NLRP1 reporter cell lines, we had observed that Blasticidin
S (Blasti) also induces low level of NLRP1 inflammasome assembly. Blasticidin impairs
termination of translation at the ribosome. We found that blasticidin induces very low level NLRP1
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inflammasome assembly at the highest dose in HEK cells and keratinocytes (fig. S4, H and K), but
did not initiate any IL-1p response (fig. S4M). ASC speck assembly was sensitive to p38 inhibitors.
Weak inflammasome responses in reconstituted HEK cells were difficult to evaluate with regards
to quantity and specificity due to the higher background of ectopically expressed ASC-EGFP in
untreated HEKNLRPIFASC cellg, Yet, the N/TERT-1¢1C-EGEP gpeck data with virtually no background
illustrates the increased sensitivity and specificity of NLRP1 inflammasome detection in this
experimental setup, allowing assessment of even the weakest activators.

To evaluate the role of the different p38 isoforms in the activation of NLRP1 inflammasomes, we
generated knockout cell lines of p38a and p38p in the background of N/TERT-1¢!CECEP and
compared these to polyclonal ASC knockouts (to compare the maximal inhibition to be expected).
Knockout of p38a inhibited anisomycin- and lactimidomycin-induced NLRP1 speck assembly to
similar levels as ASC knockouts, while knockouts of p38f did not impair inflammasome assembly
(Fig. 4K, upper panels). This suggests that NLRP1 inflammasome assembly is predominantly
mediated by p38a in keratinocytes, presumably due to the higher abundance of p38a. In line with
these findings, p38 signals detected by immunoblot with a p38 antibody recognizing p38a, 3, and
v were substantially diminished in p38a knockout keratinocytes, suggesting that p38a. is the most
abundant isoform in keratinocytes (fig. S40). NLRPI inflammasome assembly triggered by
talabostat treatment was not impaired in p38a knockouts and was not sensitive to p38 inhibitors
(Fig. 4K, lower panels). In fact, inhibition of p38 substantially boosted the response to talabostat.
This suggests that activation of NLRP1 by the ribotoxic stress response follows a mechanism
independent of talabostat-mediated inhibition of DPP9 autoinhibition.

Human NLRP1 substantially differs from murine Nlrplb alleles in the N-terminal PYD and the
subsequent linker, which are not found in mNRLP1b (Sastalla et al., 2013). Human NLRP1 is
expressed in keratinocytes, while murine keratinocytes do not express Nlrp1b (Sand et al., 2018).
To test if the ribotoxic stress response activates both human and murine NLRP1(b), we transiently
expressed human NLRP1 or the different mNIrp1b alleles in HEKASC cells, exploiting that all
variants can interact with and activate human ASC. Cells were left untreated or treated with
talabostat or anisomycin, followed by quantification of ASC speck responses by flow cytometry.
While the background, i.e. the fraction of cells assembling ASC specks merely due to the
overexpression of NLRP1(b), was different for each allele, all variants with the exception of
mNIrp1b3 were activated by talabostat treatment as described (Gai et al., 2019) (Fig. 4M). While
cells expressing human NLRP1 assembled ASC specks in response to anisomycin treatment, none
of the murine alleles initiated ASC specks upon anisomycin treatment beyond background levels.
To determine which domain of human NLRP1 allowed responsiveness to anisomycin, we
constructed an expression vector for a chimeric version of NLRP1 composed of the PYD and
linker of human NLRP1 (aa 1-327) and the NACHT-LRR-FIIND-CARD of mNIrplb (aa 126-
1233). Remarkably, cells expressing chimeric h-mNLRP1(b) were able to assemble ASC specks
after both talabostat and anisomycin treatment, suggesting that the N-terminal PYD and linker
region determine responsiveness to anisomycin.

Many known activators of human NLRP1 and murine Nlrplb require activity of the proteasome
(Bauernfried et al., 2020; Gai et al., 2019; Johnson et al., 2018; Sandstrom et al., 2019). Other
cellular factors such as components of the N-end rule pathway are only required for distinct
triggers, such as anthrax toxin lethal factor as an activator of Nlrplb, but not for activation by
talabostat (Chui et al., 2019). To define the cellular activities required for NLRP1 activation by
the ribotoxic stress response, we quantified inflammasome responses in the presence of different
inhibitors in HEKNLRPIFASC and N/TERT-1€1CECEP cells (Fig 5). Activation of NLRP1 with
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anisomycin, lactimidomycin, CHX, and blasticidin was consistently inhibited by p38 inhibitors
SB and Dora (Fig 4G; Fig 5, A-C, E-F; fig S5, A and B). Likewise, NLRP1 activation by the
ribotoxic stress response was consistently inhibited by NEDDS inhibitors. As anisomycin- and
lactimidomycin-mediated NLRP1 activation was robustly detected after 6 h, we could also test the
effect of an inhibitor of El activating enzyme, MLN7, as well as the proteasome inhibitors MG-
132 and bortezomib (Borte), which were too toxic for longer experiments. All three inhibitors shut
down NLRP1 inflammasome activation completely. Inhibition of MAPKAP2 (PF), the integrated
stress response (ISRIB), or the N-end rule pathway (BeMeEs) did not inhibit NLRP1 activation
by either activator. Inhibition of JNK kinases (Jnk) only partially affected NLRP1 activation.
Importantly, inhibition of p38, neddylation, E1, or the proteasome for the same duration of time
did not inhibit NLRP3 activation by LPS and nigericin in HEKN-RP3*ASC (fig S5 C and D); El
and proteasome inhibitors even enhanced NLRP3 responses. This indicates that the requirement
for these cellular activities is specific for NLRP1, and not inflammasomes in general. Activation
of NLRP1 by talabostat (Fig. 5, C and F) or by ubiquitination of the NLRP1 N-terminus (Fig. 5,
D, G and H) did not require p38 activity, suggesting that p38 activation is involved in a signaling
cascade upstream of NLRPI, but not required for NLRP1 function, priming, or licensing in
general. Transient expression of VHL-VHH constructs in HEKNWRPIFASC or C1C-EGFP in
N/TERT keratinocytes was not inhibited by either of the drugs, ruling out any indirect effects of
gene expression (fig. S5, E and F).

Activation of NLRP1 by ATP depletion or H,O, in HEKN-RPIFASC wag not sensitive to inhibitors
of p38 activity, E1 enzymes, neddylation, or the proteasome, suggesting yet another mechanism
of activation independent of the ribotoxic stress response (fig. S5G).

Taken together, we find that diverse activators of the ribotoxic stress response activate human
NLRP1. This response is distinct from NLRP1 activation by inhibition of DPP9 as it depends on
p38 kinase activity and requires features found in the N-terminus of human NLRP1, but not murine
Nlrp1b alleles. As several of the described NLRP1 activators efficiently inhibit translation, NLRP1
activation does not depend on p38-dependent gene expression, but rather on the kinase activity of
p38 directly. As described for other NLRP1 stimuli, NLRP1 activation through the ribotoxic stress
response required E1 activity, neddylation, and proteasome activity, indicating that these cellular
functions are required for most mechanisms of NLRP1 inflammasome activation (with the notable
exception of ATP depletion and ROS). The ubiquitin-proteasome pathway likely contributes to the
N-terminal degradation of NLRP1 itself.

Alphavirus-induced NLRP1 activation is also dependent on p38 kinase activity

Infection of human keratinocytes with the model alphavirus SFV as well as cytosolic delivery of
dsRNA was reported to activate NLRP1 inflammasomes by direct binding of dsSRNA to NLRP1
(Bauernfried et al., 2020). To study NLRP1 activation in response to viral infection, we thus
infected HEKNLRPIFASC HERKNLRP3FASC “and N/TERT-1¢1C-ECFP cells with SFV, the closely related
Sindbis virus (SINV), as well as vesicular stomatitis virus (VSV), a negative-sense single-stranded
RNA virus. We quantified infection by staining for dsSRNA (SFV, SINV) or the VSV-G protein,
and only included infected cells in the flow cytometry analysis of inflammasome activation. Nearly
all of the cells were infected with the respective viruses, but only SFV and SINV induced a robust
assembly of ASC specks in HEKNLRPIFASC gnd N/TERT-1C¢1CECFP ¢ells 20 h post infection (Fig. 6,
A and B). The response in the HEK-based system was weak compared to talabostat, while
keratinocytes exhibited robust speck formation. SFV was a stronger inflammasome activator than
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SINV in both reporter cell lines and the formation of specks in SFV-infected N/TERT-1¢!1¢-EGEP
was not detectable in ASC and NLRP1 knockout cells (Fig. 6C). Treatment of the cells with the
V-ATPase inhibitor bafilomycin Al (BafA) completely abolished alphavirus infection, as
alphaviruses require endosomal acidification to fuse with the limiting membrane of endosomes
(Marsh et al., 1983) (fig. S6, A and B). The treatment also abrogated ASC speck formation,
demonstrating that cytosolic delivery of viral genomes was critical to activate NLRP1 in the
reporter cells. SFV- and SINV-infected N/TERT-1¢1C-ECFP ¢ells released IL-1f in a caspase-1-
dependent manner, which was also inhibited by BafA (fig. S6C).

Since we had found that activators of the ribotoxic stress response activate human NLRP1 in a
p38-dependent manner, we wondered whether the activation by alphaviruses also depends on p38
kinase activity. ASC speck formation in HEKNRPIFASC gnd N/TERT-1¢1CECEP cells infected with
SFV and SINV was completely inhibited by the p38a/p inhibitor SB (Fig. 6, A, B, and C). In line
with that, IL-1P release by alphavirus-infected keratinocytes was reduced by SB (fig. S6C).
Polyclonal knockouts of p38a in N/TERT-1“1“-ECGP ¢ells inhibited SFV-induced NLRP1 speck
assembly to similar levels as ASC knockouts (Fig. 6C), while infection was not altered in the
knockout cells (fig. S6D). The pan-p38 inhibitor Dora, the neddylation inhibitor MLN4, and the
JNK inhibitor Jnk completely inhibited inflammasome assembly in HEKNIRPIFASC and N/TERT-
|CICEGEP cells after infection with SFV (Fig. 6, D and E). MLN4 reduced infection of
keratinocytes, but the fraction of infected cells was sufficient for analysis (fig S6, E and F). Like
NLRP1 activation by triggers of the ribotoxic stress response, we thus found that NLRP1
inflammasome activation induced by alphavirus infection depends on p38 kinase activity and
neddylation.

Double-stranded RNA intermediates of SFV have been proposed to be the relevant trigger for
NLRPI1 (Bauernfried et al., 2020), and we also observed that N/TERT-1 keratinocytes assemble
inflammasomes upon transfection with poly(I:C) (Fig. 2I). We thus tested whether activation of
NLRP1 inflammasome in N/TERT-1¢1CEGFP cells by dSRNA was similarly dependent on p38. We
found that both the response to cytosolic dsRNA, as well as the inflammasome response to DNA
in the reporter keratinocytes was completely inhibited by the p38a/p inhibitor SB (fig. S6G).

We next tested whether NLRP1 is also important in the detection of alphaviruses that are clinically
relevant as human pathogens. We thus infected the HEK and keratinocyte reporter cells with a
panel of human pathogenic alphaviruses including Eastern equine encephalitis virus (EEEV),
Venezuelan equine encephalitis virus (VEEV), Mayaro virus (MAYYV), Chikungunya virus
(CHIKYV), o’nyong-nyong virus (ONNV), Barmah Forest virus (BFV), and Ross River virus
(RRV) in the presence and absence of SB. All tested viruses were able to infect both HEKNLRPITASC
and HEKNLRP3*ASC gells, as confirmed by staining of dsRNA (Fig. 6F). In addition to the positive
control SFV, we found that CHIKV and RRV activated NLRP1-dependent inflammasomes. ASC
assembly in response to all three alphaviruses was inhibited by the p38a/p inhibitor SB. We were
not able to infect the N/TERT-1¢!CEGFP cells with ONNV, BFV, and RRV (Fig. 6G) and the
fraction of infected cells was generally more variable for keratinocytes. However, analysis of
inflammasome assembly in infected cells revealed clear ASC specking responses in cells infected
with SFV, MAYV, and CHIKV. We cannot rule out that the weak NLRP1 activation in response
to MAY'V infection was not detected in HEKNIRPIFASC ¢ells due to the higher background caused
by ectopically expressed ASC-EGFP. CHIKV-induced ASC speck assembly in the reporter
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keratinocytes was also dependent on p38 activity. Since SB strongly decreased MAY'V infection,
we could not assess whether the weak inflammasome response depends on p38.

It is likely that related alphaviruses expose similar viral molecules in the cytosol and that they
hijack similar cellular functions. Yet, only distinct alphaviruses triggered NLRP1 inflammasome
assembly. We thus wondered if differential NLRP1 activation correlated to differences in p38
activation. We infected HEKN-RPI#ASC cells with two alphaviruses shown to trigger ASC specks
(SFV and RRV) as well as two viruses that did not initiate inflammasome assembly (ONNV and
BFV) (fig. S6H). We detected robust phosphorylation of p38 by flow cytometry in cells infected
with SFV and RRV that was comparable to p38 phosphorylation in anisomycin-treated cells (Fig.
6H). Cells infected with ONNV and BFV, however, did not trigger p38 phosphorylation (Fig. 6H).
The ability to activate p38 thus correlated with NLRP1 activation, indicating that MAP kinase
signaling is the critical determinant of NLRP1 activation by alphaviruses. Surprisingly, infection
with the control virus VSV induced p38 phosphorylation as well, indicating that either p38
activation by alphaviruses differs from activation by VSV, or that VSV counteracts p38-dependent
NLRP1 inflammasome stimulation.

Activation of the ribotoxic stress response and p38 phosphorylation relies on the a splice variant
of MAP3 kinase ZAK (ZAKa). To test whether NLRP1 activation by alphaviruses engages a
similar signaling cascade, we generated knockouts of ZAK as well as a control MAP3 kinase, TAO
kinase 2 (TAOK?2), in the background of N/TERT-1¢1¢-EGEP cells (fig. STA). As expected, NLRP1
activation by talabostat was not affected by either of the knockouts (Fig. 7A). Anisomycin-induced
ASC speck assembly was completely abrogated in ZAK-knockout cells, validating the critical role
of ZAKa for the ribotoxic stress response and the resulting p38-dependent NLRP1 activation. In
comparison, SFV-induced NLRP1 inflammasome activation was reduced by around 70% in ZAK-
knockout cells, but a fraction of cells was still responsive, suggesting that p38 activation can be
mediated by other MAP3 kinases in the context of alphavirus infections. All knockout cells were
properly infected as quantified by dsRNA staining (fig. S7B).

Taken together, we recapitulated NLRP1 activation by SFV infection in NLRP1 HEK and
keratinocyte reporter cells. We identified four additional alphaviruses, SINV, RRV, MAYV, and
CHIKYV, that activate NLRP1, supporting the relevance of NLRP1 as a sensor for alphavirus
infection. Interestingly, NLRP1 activation was not universally observed for all alphaviruses tested.
Since alphavirus-induced ASC speck formation was completely dependent on p38 kinase activity,
we identified activation of p38 as a key event for NLRP1 activation.

P38 activity is sufficient for NLRPI activation

Having shown that p38 activity was required for NLRP1 activation by the ribotoxic stress response
and alphavirus infection, we next assessed whether p38 activation itself was sufficient for NLRP1
activation. We transiently overexpressed the MAP2 kinases MKK 1, MKK3, MKK4, MKKS5, and
MKXK6 in HEKNIRPIFASC gand HEKNERP3FASC cells. We also included phosphomimetic glutamate
and inhibitory alanine mutants of S218 and T222 in the activation loop of MKK3, yielding MKK3
EE or MKK3 AA, respectively. Overexpression of MKK3, MKK3 EE, or MKK6, the upstream
kinases that directly phosphorylate p38, indeed initiated weak NLRP1 inflammasome activation
(Fig. 7B). Activation was sensitive to the pan-p38 inhibitor Dora, confirming that the observed
inflammasome assembly indeed relied on p38 activity. Importantly, the related MAP2 kinases
MKK1, MKK4, and MKKS5, which phosphorylate other MAP kinases but not p38, did not initiate
inflammasome assembly in HEKN-RPI*ASC Qverexpression of none of the MAP2 kinases activated

12


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

NLRP3 inflammasome assembly in HEKN-RP3*ASC Experiments to artificially trigger p38 activity
typically rely on the combined ectopic expression of p38 isoforms and their upstream kinases
(Raingeaud et al., 1996). In line with these findings, overexpression of p38a (Fig. 7C), p38p, p38y,
or p386 (fig. S7, C-E) alone did not initiate NLRP1 inflammasome assembly. However, combined
expression of p38a with MKK3, MKK3 EE, or MKKG®6 triggered robust NLRP1 inflammasome
assembly (Fig. 7C). Interestingly, MKK3 AA bearing a mutated activation loop that cannot be
phosphorylated still enhanced p38a inflammasome assembly. None of the other MAP2 kinases
stimulated p38a-mediated NLRP1 activation. Dora treatment abrogated all observed NLRP1
inflammasome assembly, indicating that the observed ASC specks genuinely relied on p38
activity. Co-expression of MAP2 kinases with p38a bearing a mutated activation loop (p38a
T180A Y182A) did not enhance NLRPI activation beyond the levels observed upon
overexpression of upstream kinases alone (Fig. 7D). Remarkably, p38a activation by
overexpression also induced some level of NLRP3 activation, albeit to substantially lower levels
than observed for NLRP1. Similar NLRP1 activation was observed when p38f3, p38y, or p38%
were co-expressed with MAP2 kinases (fig. S7, C-E). NLRP1 activation was again sensitive to
inhibition by pan-p38 inhibitor Dora. In line with the higher ICso values of this drug for p385
(Kuma et al., 2005), inhibition was incomplete for this isoform.

NLRP1 activation by targeted ubiquitination of the PYD did not require p38 activity, and neither
did the activation of NLRP1 by talabostat. This indicates p38 is not required for NLRP1 activation
per se, but that p38 contributes to an upstream signaling cascade that integrates information from
different stress signaling cascades to activate NLRP1. We could show that p38 activation was
sufficient for NLRP1 inflammasome activation, and that activation was likely not a consequence
of p38-dependent gene expression. To test whether p38 is able to phosphorylate NLRP1 directly,
we performed radiometric in vitro kinase assays with recombinant p383 and purified full length
NLRP1 expressed in insect cells as fusion to maltose-binding protein (MBP-NLRP1, fig. S7F).
We found that MBP-NLRP1 could be robustly phosphorylated by p386, as detected by transfer of
radioactive phosphate from [*2P]-y-ATP to purified NLRP1 protein (Fig 7E). Importantly, MBP-
NLRP12 230990 comprising part of the linker, NACHT, and LRR of NLRPI, could not be
phosphorylated by p383. This indicates that either the N-terminal 230 amino acids or the C-
terminal FIIND-CARD of NLRP1 are the substrate of p38. Given that the N-terminal 327 amino
acids of human NLRP1 were sufficient to render murine Nlrplb responsive to anisomycin,
phosphorylation of NLRP1 by p38 likely occurs in the N-terminal PYD or linker of NLRP1.

In sum, we find that p38 can directly phosphorylate NLRP1 and that p38 activation in reconstituted
HEKNLRPIASC g gufficient to initiate the assembly of NLRP1 inflammasomes.

Discussion

As the largest organ, the human skin is exposed to a variety of physico-chemical and biological
insults, including UV irradiation and infection with arthropod-borne viruses. These can trigger the
assembly of NLRP1 inflammasomes in keratinocytes (Fenini et al., 2020). By using reporters for
ASC speck assembly rather than cytokine measurements alone, we could robustly quantify
inflammasome assembly in keratinocytes, even though the fraction for responding cells is lower
than observed for myeloid cells. This may avoid the massive cell death of abundant keratinocytes
in response to threats that can be locally controlled.

In this study, we find that a number of different stress signals, including UVB irradiation,
inhibition of translation by antibiotics, as well as infection with arthropod-borne alphaviruses,
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including the relevant human pathogen CHIKYV, converge on the activation of p38 MAP kinase
signaling. P38 kinase activity lastly activates NLRP1 inflammasomes by direct phosphorylation.
Importantly, we find that strong p38 activation is sufficient to activate NLRP1, suggesting that p38
signaling acts as a rheostat integrating different stress responses to ultimately trigger irreversible
NLRP1 inflammasome assembly if the critical threshold is overcome.

The role of keratinocytes in the inflammatory response to UV and other triggers is well established.
Extending previous studies on the UV-induced ribotoxic stress response (lordanov et al., 1998;
Wang et al., 2005), and the underlying MAP kinase signaling cascade in epithelial cells (Vind et
al., 2020b, 2020a), as well as the role of p38 in inflammation (Fenini et al., 2018b), we conclude
the following model: UV-induced damage of ribosomal RNA causes ribosome clashing and
activation of the ribotoxic stress response in keratinocytes. The same pathway is initiated by
interfering with ribosome function, such as inhibition of peptide bond formation or peptide
translocation by anisomycin or lactimidomycin, respectively. Other toxins that activate the
ribotoxic stress response, such as ricin and diphtheria toxin, likely stimulate the same pathway.
Ribotoxic stress responses trigger a phosphorylation cascade entailing the activation of ZAKa
(MAP3K), MKK3/MKK6 (MAP2K), and finally p38 (MAPK). We find that p38a plays a
predominant role in the activation of NLRP1 inflammasomes in keratinocytes. Yet, ectopic
activation of any p38 isoform by overexpression of its upstream kinases MKK3 or MKKG6 is
sufficient to initiate NLRP1 inflammasome assembly. P38 can directly phosphorylate the N-
terminus of NLRP1 and thereby triggers its activation in a pathway that relies on neddylation,
ubiquitin activation, and proteasome activity. Murine Nlrplb alleles are not responsive to
anisomycin, but the capability to be activated by anisomycin can be transferred with the human
NLRP1 N-terminus (PYD + linker). It is likely that phosphorylation of unique sites of human
NLRP1 allows the ubiquitination of the NLRP1 N-terminus by NEDDS§-dependent cullin ligases,
followed by N-terminal degradation, recruitment of ASC by NLRP1VPA-CARD, as well as
assembly of ASC specks. ASC specks, in turn, are the sites of caspase-1 activation, resulting in
IL-1p maturation and GSDMD-dependent cell death by pyroptosis.

Alphaviruses are transmitted by mosquito bites and likely first replicate in keratinocytes and
fibroblasts in the skin before infection is spread by migratory dendritic cells. A sensitive response
system in the skin is therefore beneficial to detect and contain infecting alphaviruses before any
systemic spread can occur. Viral infection may even be detected in non-permissive cells, in which
no full replication occurs. In line with this, full CHIKYV replication in keratinocytes is severely
impaired (Bernard et al., 2015). It is likely that alphaviruses, in turn, have evolved mechanisms to
escape detection by NLRP1. Remarkably, we find that NLRP1 is exclusively activated by those
alphaviruses that mediate strong p38 activation. As viral molecules in the cytosol are similar
between different alphaviruses, it is possible that some alphaviruses can control p38 activation in
the host and thus prevent NLRP1 activation. That VSV activates p38, but not NLRPI
inflammasomes, suggests that viruses can either interfere with inflammasome assembly
downstream of p38, or that infection can initiate different qualities of MAP kinase responses that
are not sufficient for NLRP1 activation and require further study.

Remarkably, viral NLRP1 activation does not seem to exclusively rely on ZAKa, suggesting that
different MAP3 kinases can feed into the same activation mechanism, highlighting the role of p38
as a central signaling hub that integrates information from various inputs. While we found that
some kinase inhibitors specifically inhibit viral activation of NLRP1 (data not shown), the
corresponding additional kinase(s) still await identification. Cytosolic delivery of dsSRNA, as well
as DNA, is sufficient to activate NLRP1 in a p38-dependent manner in keratinocytes, but not in
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reporter HEK cells. This suggests that nucleic acids contribute to p38 stimulation, but that other
cues may be required to activate NLRP1. Such additional signals may be provided by infection, as
SFV infection was able to activate NLRP1 in both keratinocytes and HEK cells with reconstituted
NLRP inflammasomes.

As a first line of defense, the skin encounters a variety of biotic and abiotic stresses that have to
be interpreted to elicit inflammation with highest sensitivity, while at the same time limiting
unnecessary collateral damage. We find that p38 MAP kinase signaling integrates different stress
inputs and can — as a result of sufficient activation — directly phosphorylate NLRP1 to trigger its
activation. While p38 is ubiquitously expressed throughout the body, NLRP1 expression is limited
to few distinct cell types. In keratinocytes, p38 signaling can thus be co-opted to feed into a more
drastic (and wide-spread) inflammatory response by activating NLRP1.
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Methods

Cell lines

Human embryonic kidney (HEK) 293T cells (ATCC), and Syrian baby hamster kidney (BHK)-21
cell clone BSR-T7/5 (Mesocricetus auratus, a kind gift of SeanWhelan, Harvard Medical School)
were cultivated in DMEM containing 10% FBS and GlutaMax; BHK-21/J cells (Mesocricetus
auratus, a kind gift of Charles M. Rice, Rockefeller University) were cultivated in MEM
containing 7.5% FBS, 1% nonessential amino acids, and 1 % L-glutamine (all Thermo Fisher
Scientific). Human N/TERT-1 keratinocytes (a kind gift of James Rheinwald, Harvard Medical
School) were cultivated in Keratinocyte serum-free medium (Thermo Fisher Scientific)
supplement with 0.5x bovine pituitary extract (BPE), 0.2 mg/mL epidermal growth factor (EGF),
Ix penicillin/streptomycin (PS), and 0.3 mM CaCl: (resulting in a final concentration of 0.4 mM
CaCly). Primary Normal Human Epidermal Keratinocytes (NHEK) were obtained from PromoCell
(Heidelberg, Germany) and cultivated in Keratinocyte Growth Medium 2 (PromoCell). Unless
otherwise mentioned, genetically modified cell lines were generated by lentiviral transduction
using lentivirus produced with packaging vectors psPax2 and pMD2.G (kind gifts from Didier
Trono, Ecole polytechnique fédérale de Lausanne, Switzerland) and antibiotic selection. Lentiviral
vectors for constitutive expression under the control of the ubiquitin C promoter (pUbC) were
constructed by Gateway cloning (Thermo Fisher Scientific) using vectors modified from pRRL (a
kind gift of Susan Lindquist, Whitehead Institute of Biomedical Research). HEK 293T cells
expressing ASC-EGFP under control of pUbC, HEK”S¢, were generated by transduction with a
dilution series of lentivirus to achieve single insertions. Individual clones were cultivated and
tested for minimal background of ASC-EGFP specks. Derivatives of HEK”ASC expressing NLRP1-
HA (HEKNSRPIFASC. ce] line H8-1), or NLRP3-HA (HEKNLRP3*ASC: cel] line H98) under control
of pUbC from single insertions were generated using the same protocol and clones selected based
on optimal signal-to-noise ratio and background. N/TERT-1 expressing caspase-1“ARP-EGFP
(C1C-EGFP) controlled by pUbC (N/TERT-1¢1EGFP cel] line K14), were similarly generated by
lentiviral transduction. Knockouts of N/TERT-1¢1¢-ECFP \yere generated by lentiviral transductions
using vectors modified based on pLenti CRISPR v2 (a kind gift of Feng Zhang, Broad Institute)
(see table S1 for sgRNA target sequences). Monoclonal knockouts were generated using limiting
dilutions of polyclonal cell lines generated by lentiviral transduction, and selection with
antibiotics; best clones were selected based on analysis with OutKnocker (Schmid-Burgk et al.,
2014) and immunoblot. Polyclonal knockouts were generated by lentiviral transduction and
antibiotic selection and verified by immunoblot. Derivatives of N/TERT-1 expressing C1C-EGFP
and VHHs, VHL-VHH fusions, or MAP2 kinases under a bidirectional dox-inducible promoter
were generated using lentiviral vector pInducer20bi-NA, a derivative of pInducer20-NA (Schmidt
et al., 2016a) using the promoter from pTRE3G-BI (Takara Bio).

Target gene sgRNA name Target sequence

ASC ASC sg5 GCTGGATGCTCTGTACGGGA

NLRPI NLRPI sg2 CAGGCCCAATAGGAAACGTG

P38a P38alpha sgl (KO 1) TGATGAAATGACAGGCTACG
P38alpha sg2 (KO 2) CACAAAAACGGGGTTACGTG

P38pB P38beta sg2 (KO 1) GCTTCTGGACGTCTTCACGC
P38beta sg3 (KO 2) GGTGGATGATCCCGGCCGAG

TAOK2 TAOK?2 sgl TCAAGACAGACCAACCTCAG

TAOK2 sg2 CCCAACACCATTCAGTACCG
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TAOK2 sg3 GCACTGAGTGGCTACTCTCG
ZAKa ZAKa sgl TGTATGGTTATGGAACCGAG

ZAKa sg2 GTGACAATGCCATAGTTGGG

ZAKa sg3 TCCTACACAACAAGGCGGAG

Table S1. sgRNA target sequences used for the generation of knockout cell lines.

Viruses

All experiments involving viruses were conducted in respective Biosafety Level 2 or 3
laboratories. Semliki Forrest Virus (SFV) 4 (a kind gift of Giuseppe Balistreri and Ari Helenius,
ETH Zurich, Switzerland), Sindbis virus (SINV) strain Toto 1101 (recovered from in vitro
transcribed RNA (Rice,” et al., 1987)), and vesicular stomatitis virus (VSV) strain Indiana
(recovered from plasmid as described in (Whelan et al., 1995)) were amplified in BSR-T7 cells.
Eastern equine encephalitis virus (EEEV), Venezuelan equine encephalitis virus (VEEV), Mayaro
virus (MAYV), o’nyong-nyong virus (ONNYV), Barmah Forest virus (BFV), and Ross River virus
(RRV) (kindly provided by Klaus Grywna (Grywna et al., 2010)) were amplified in BHK-J cells.
Chikungunya virus (CHIKV) was derived from an infectious cDNA clone as described earlier
(Kimmerer et al., 2012). Virus-containing supernatants clarified from cell debris were aliquoted
and frozen at -80°C. Viral titers of SFV, SINV, and VSV were determined by flow cytometry
using anti-dsSRNA antibody J2 (Schonborn et al., 1991), or anti-VSV G 114 (clone 1E9F9,
(Lefrancois and Lyles, 1982)) combined with fluorescent secondary antibodies. Viral titers of
EEEV, VEEV, MAYV, ONNV, BFV, RRV, and CHIKV were determined by plaque assay using
BHK-J cells (Karliuk et al., 2021).

Proteins

Expression and purification of His-NLRP1"YP and GST-NLRP1""P

Expression vectors for human His-NLRP1?YP (aa 1-92) and GST-NLRPI1?YP were generated by
Gateway cloning with destination vector pPDEST17 (Thermo Fisher Scientific) and a customized
destination vector based on pGEX-2T (a kind gift of Mikko Taipale, Whitehead Institute of
Biomedical Research). Proteins were expressed in Escherichia (E.) coli LOBSTR (Andersen et
al., 2013) (His-NLRPPYP) or E. coli BL21 (GST-NLRP1PYP) cells induced with 0.2 mM IPTG at
an OD600 of 0.6. Cells were cultivated for 20 h at 18° C, and lysed by French Press or sonication.
His-NLRP?YP was purified by Ni-NTA affinity chromatography and gel filtration with a HiLoad
16/600 Superdex 75 pg column in buffers containing 50 mM Tris pH 8.0 and 500 mM NaCl. GST-
NRLP1?YD was purified by affinity chromatography with glutathione resin and gel filtration with
a HiLoad 16/600 Superdex 75 pg column in buffers containing 50 mM Tris pH 8.0 and 500 mM
NaCl.

Expression and purification of His-MBP-NLRP1

Full length human NLRP1 (aa 1-1473) and NLRPINACHT-LRR (39 230-990) constructs were
expressed as N-terminal MBP fusion proteins in baculo virus infected Spodoptera frugiperda (Sf9)
insect cells. For expression, 0.5 L of Sf9 cells at a density of 2.0 x 10° were infected with 5% P2
virus and incubated at 28°C for 48 h before harvesting the cells by centrifugation at 1125 x g for
20 min. Cells were washed once with cold PBS and then lysed by sonication in buffer A (50 mM
HEPES pH 7.5, 150 mM NaCl, 0.5 mM TCEP), freshly supplemented with I mM PMSF. The
lysate was clarified by centrifugation at 75,000 x g for 30 min at 10°C. Proteins were affinity
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purified using an MBPTrap HP (GE Healthcare) affinity column and eluted in buffer A
supplemented with 10 mM maltose.

Expression and purification of nanobodies

Nanobody coding sequences were cloned into pHENG6-based bacterial, periplasmic expression
vectors with C-terminal HA-Hiss tags using Gibson cloning (New England Biolabs). Nanobodies
were produced in Escherichia coli WK6 transformed with the respective expression vectors.
Expression cultures were grown in Terrific Broth (TB), and expression was induced with 1 mM
IPTG at an ODsoo of 0.6, followed by cultivation at 30° C for 16 h. Bacterial pellets were
resuspended in TES buffer (200 mM Tris-HCI pH 8.0, 0.65 mM EDTA, 0.5 M sucrose), and
periplasmic extracts generated by osmotic shock in 0.25x TES, followed by Ni-NTA purification
and desalting by PD MiniTrap G-25 columns (GE Healthcare Life Sciences).

Antibodies

The following antibodies were used: rabbit anti-ASC (AdipoGen Cat# AG-25B-0006,
RRID:AB 2490440), mouse anti-GFP clone JL-8 (Takara Bio Cat# 632380,
RRID:AB 10013427), rabbit anti-FLAG clone D6W5B (Cell Signaling Technology Cat# 14793,
RRID:AB 2572291), mouse anti-HA clone 16B12 (HA.11, Biolegend, Cat# 901503,
RRID:AB 2565005), mouse anti-gamma H2A.X (phospho S139) clone 9F3 (Abcam Cat#
ab26350, RRID:AB 470861), mouse anti-NLRP1 Clone 9F9B12 (BioLegend Cat# 679802,
RRID:AB 2566263), rabbit anti-p38 (Cell Signaling Technology Cat# 9212, RRID:AB 330713),
anti-phospho-p38 (T180/Y182) clone D3F9 (Cell Signaling Technology Cat# 4511,
RRID:AB 2139682), mouse anti-dsSRNA clone J2 (SCICONS Cat# 10010200,
RRID:AB 2651015), mouse anti-vinculin clone hVIN-1 (Sigma-Aldrich Cat# V9131,
RRID:AB 477629), mouse anti-VSV G 114 clone 1E9F9 (from D.S. Lyles, kindly provided by
Ari Helenius).

Small compound inhibitors

The following small compound inhibitors were used: anisomycin (Sigma-Aldrich), bafilomycin
A1l (Sigma-Aldrich), berzosertib (Selleckchem), bestatin methyl ester (Abcam), blasticidin
(InvivoGen), bortezomib (Selleckchem), cycloheximide (Sigma-Aldrich), doramapimod
(Cayman), doxycycline (Thermo Fisher Scientific), doxorubicin (Selleckchem), etoposide
(Calbiochem), ISRIB (Selleckchem), JNK-IN-8 (Selleckchem), KU-60019 (Selleckchem),
Lactimidomycin (Sigma-Aldrich), MG-132 (Selleckchem), MLN4924 (MedChem Express),
MLN7243 (ChemieTek), PF-3644022 (Sigma-Aldrich), SB202190 (Sigma-Aldrich), and Vx-765
(Selleckchem).

Nanobody library generation

To raise heavy chain-only antibodies against NLRP1PYP, two alpacas were five times immunized
with 200 pg His-NLRP1PYP using Imject™ Alum Adjuvant (Thermo Fisher Scientific) according
to locally authorized protocols. VHH plasmid libraries in the M13 phagemid vector pD (pJSC)
were generated as described before (Schmidt et al., 2016b). In brief, RNA from peripheral blood
lymphocytes was extracted and used as a template to generate cDNA using three sets of primers
(random hexamers, oligo(dT), and primers specific for the constant region of the alpaca heavy
chain gene). VHH coding sequences were amplified by PCR using VHH-specific primers, cut with
Ascl and Notl, and ligated into pJSC linearized with the same restriction enzymes. E. coli TG1
cells (Agilent) were electroporated with the ligation reactions and the obtained ampicillin-resistant
colonies were harvested, pooled, and stored as glycerol stocks.
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Nanobody identification

NLRP1PYP VHHs were obtained by phage display and panning with a protocol modified from
Schmidt et al. (Schmidt et al., 2016b). E. coli TG1 cells containing the VHH library were infected
with helper phage VCSM13 to produce phages displaying the encoded VHHs as plII fusion
proteins. Phages in the supernatant were purified and concentrated by precipitation. Phages
presenting NLRP1PYP-gpecific VHHs were enriched using GST-NLRPI1PYP immobilized to
magnetic Pierce glutathione beads (Thermo Fisher Scientific). The retained phages were used to
infect £. coli ER2738 and subjected to a second round of panning. 96 E. coli ER2837 colonies
yielded in the second panning were grown in 96-well plates and VHH expression was induced
with [IPTG. VHHs leaked into the supernatant were tested for specificity using ELISA plates coated
with control protein GST or GST-NRLP1*YP, Bound VHHs were detected with HRP-coupled
rabbit anti-E-Tag antibodies (Bethyl), and the chromogenic substrate TMB. Reactions were
stopped with 1 M HCl and absorption at 450 nm was recorded. Positive candidates were sequenced
and representative nanobodies were cloned into bacterial expression vectors for further analysis.

ELISA

To test nanobody candidates, GST-NLRP1FYP or GST in PBS were immobilized on ELISA plates
at a concentration of 1pug/mL overnight. Serial 10-fold dilutions of HA-tagged nanobodies in 10%
FBS/PBS were incubated with the immobilized antigen, followed by incubation with HRP-coupled
anti-HA (clone 6E2, 1:5000, Cell Signaling), and the chromogenic substrate TMB. Reactions were
stopped with 1 M HCI and absorption was measured at 450 nm.

Flow cytometry-based quantification of inflammasome assembly

To quantify the assembly of ASC-EGFP specks or recruitment of C1C-EGFP to ASC specks
(‘C1C specks’), cells were typically treated in 24-wells and analyzed by flow cytometry. We
seeded 2.5-10° HEKNLRPIFASC (or other derivatives of HEK 293T), or 10° N/TERT-1¢!1C-EGEP (or
other derivatives of N/TERT-1) per well and cultivated cells overnight in the absence of
antibiotics. Cells were stimulated for 6 or 20 h in DMEM (10% FBS) (HEK 293T) or Keratinocyte
SFM (BPE, EGF, CaCl,, 100 uM Vx-765) (N/TERT-1), harvested by trypsinization, fixed in 4%
formaldehyde, and analyzed using BD FACSCanto and BD LSRFortessa SORP flow cytometers,
recording area, width, and height of the EGFP signal of single cells. Where indicated, cells were
pre-treated with small compound inhibitors for 30 min before stimulation. UV stimulation was
performed by irradiating cells in tissue culture plates (without lid) in a Bio-Link UVB irradiation
system equipped with 5x 8 Watt T-8.M tubes emitting UVB at 312 nm for 3 min, followed by
cultivation for 20 h. For infection experiments, cells were infected for 1 h in serum-free medium
at the indicated multiplicity of infection (MOI), ranging from 1-50. Medium was subsequently
replaced with full medium (with indicated inhibitors), and cells cultivated for another 19 h. To
transiently overexpress proteins in HEK-based reporter cells, cells were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific) or PEI Max (Polysciences), medium replaced after
4 h, and cells harvested 20 h post transfection. Dox-inducible expression in lentivirus-generated
cell lines was initiated by cultivating cells in 1 pg/mL dox for 6 or 20 h. Where indicated, fixed
and permeabilized cells were stained with anti-HA (1:1000), anti-FLAG (1:300), anti-phospho-
p38 (1:500), anti-gamma H2A.X (phospho S139) (1:500), anti-dsRNA (1:500), or anti-VSV G
(1:1,000) in Intracellular Staining Permeabilization Wash Buffer (Biolegend) combined with
Alexa Fluor (AF) 405, or AF647-coupled, highly cross-absorbed secondary antibodies (Thermo
Fisher Scientific).
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Cytokine quantification by HTRF

To quantify IL-1B secretion, N/TERT-1-derived cells were stimulated as described for flow
cytometry experiments in the absence and presence of Vx-765. IL-1p was quantified using the
Human IL1 beta HTRF kit (Ciscbio) according to the manufacturer’s instructions. Supernatants
for the quantification of IL-1p levels after inducible expression of VHL-VHH fusions were
collected from 5-10% cells per well in 96-well plates.

Cell death quantification by LDH release

Cell death by pyroptosis was quantified after inducible expression of VHL-VHH fusions in
N/TERT-1 cells. Supernatants for the quantification of lactate dehydrogenase activity were
collected from 5-10% cells per well in 96-well plates, including control samples in which cells were
lysed in 1% Triton X-100. Lactate dehydrogenase activity was quantified using the LDH
Cytotoxicity Detection Kit (TaKaRa) according to the manufacturer’s instructions. Cell death was
normalized to the values of Triton X-100-lysed cells after removal of medium background.

Microscopy

To generate microscopy samples, cells were seeded on 12 mm cover slips in 24-well plates and
otherwise stimulated as described for flow cytometry experiments. Cells were fixed in 4%
formaldehyde and stained for DNA using Hoechst 33342 (1:5,000). Images were recorded with a
Zeiss Observer.Z1 wide field microscope, or a Leica SP8 Lightning confocal microscope. For live
cell imaging experiments, N/TERT-1€!C-EGFP cells were seeded in tissue culture-treated
CellCarrier-96 Ultra Microplates (Perkin Elmer) and treated with the indicated stimuli in the
presence of 3.3 pg/mL propidium iodide (PI). Cells were were cultivated at 37°C, 5% CO2 and
images recorded every 20 min for 20 hours using a Zeiss Observer Z1 wide-field microscope with
20X PlanApochromat objective (NA = 0.8).

Immunoblot

To generate immunoblot samples, 10° cells were lysed in 200 uL 1x SDS-PAGE samples buffer.
Proteins were separated by SDS-PAGE, transferred to PVDF membrane, and probed with the
indicated antibodies, followed by HRP-coupled secondary antibodies (Thermo Fisher Scientific).
Chemiluminescent signal of Western Lightning Plus-ECL (Perkin Elmer) was detected using a
Fusion Advancer imaging system (Vilber).

In vitro kinase assay

For in vitro kinase assays, 0.2 uM kinase was incubated with 7 uM substrate and 0.2 mM ATP
containing 0.45 mCi [32P]-y-ATP/mL (Perkin Elmer) in kinase buffer (50 mM HEPES pH 7.6, 34
mM KCI, 7 mM MgCl2, 2.5 mM dithiothreitol, 5 mM B-glycerol phosphate). Reactions were
incubated for 30 min at 30° C and 300 rpm, and stopped by addition of EDTA to a final
concentration of 50 mM. Samples were spotted onto Amersham Protran nitrocellulose membrane
(GE Healthcare), followed by three washing steps for 5 min each with PBS. Counts per minute
were determined in a Beckman Liquid Scintillation Counter (Beckman-Coulter) for 1 min.
Measurements were performed in quadruplicate and represented as mean with standard deviation
(SD).


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgments:

We thank Janett Wieseler for excellent technical support, and Patrick Schumachers for initial virus
preparation and infection experiments. We would like to acknowledge the assistance of Andreas
Dolf and the Flow Cytometry Core Facility at the Institute of Experimental Immunology, Medical
Faculty at the University of Bonn. We are grateful to Gabor Horvath and the Microscopy Core
Facility of the Medical Faculty at the University of Bonn for providing help and services, supported
by the Deutsche Forschungsgemainschaft (DFG, German Research Foundation) for projects
13123509 (SFB 670) and 266686698. We would like to thank Paul-Albert Koenig and the Core
Faciltiy Nanobodies at the Medical Faculty of the University of Bonn for providing the
infrastructure for camelid immunizations. We are grateful to Jonathan L. Schmid-Burgk for help
with the validation of knockout cell lines.

The presented work was supported by the following funding agencies:

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant GRK2168-
272482170 (FIS)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant SFB1403-
414786233 (EL and FIS)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant SFB1454-
432325352 (EL),

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant TRR237-
369799452 (BMK, EL, and FIS)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant SPP1923-
429513120 (EL and FIS)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) Emmy Noether
Programme 322568668 (FIS)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) grant GE 976/9-2
MG)

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) Germany’s Excellence
Strategy — EXC2151-390873048 (EL, FIS, and MG)

Klaus Tschira Boost Fund (KTO07) (FIS)

Declaration interests:

EL and FIS are cofounders and shareholders of Dioscure Therapeutics SE and Odyssey
Therapeutics; MG and EL are a cofounder and shareholder of IFM Therapeutics; FIS is a
consultant and shareholder to [IFM Therapeutics. The other authors declare no competing interest.


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

40

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Andersen, K.R., Leksa, N.C., and Schwartz, T.U. (2013). Optimized E. coli expression strain
LOBSTR eliminates common contaminants from His-tag purification. Proteins 87, 1857-1861.

Ashour, J., Schmidt, F.I., Hanke, L., Cragnolini, J., Cavallari, M., Altenburg, A., Brewer, R.,
Ingram, J., Shoemaker, C., and Ploegh, H.L. (2015). Intracellular expression of camelid single-
domain antibodies specific for influenza virus nucleoprotein uncovers distinct features of its
nuclear localization. J. Virol. §9, 2792-2800.

Bauernfried, S., Scherr, M.J., Pichlmair, A., Duderstadt, K.E., and Hornung, V. (2020). Human
NLRP1 is a sensor for double-stranded RNA. Science (80-. ). eabd0811.

Bernard, E., Hamel, R., Neyret, A., Ekchariyawat, P., Molgs, J.P., Simmons, G., Chazal, N.,
Despres, P., Missé, D., and Briant, L. (2015). Human keratinocytes restrict chikungunya virus
replication at a post-fusion step. Virology 476, 1-10.

Broz, P., and Dixit, V.M. (2016). Inflammasomes: mechanism of assembly, regulation and
signalling. Nat. Rev. Immunol. /6, 407-420.

Broz, P., von Moltke, J., Jones, J.W., Vance, R.E., and Monack, D.M. (2010). Differential
requirement for Caspase-1 autoproteolysis in pathogen-induced cell death and cytokine
processing. Cell Host Microbe §, 471-483.

Burian, M., and Yazdi, A.S. (2018). NLRP1 Is the Key Inflammasome in Primary Human
Keratinocytes. J. Invest. Dermatol. /38, 2507-2510.

Canovas, B., and Nebreda, A.R. (2021). Diversity and versatility of p38 kinase signalling in
health and disease. Nat. Rev. Mol. Cell Biol. 2021 225 22, 346-366.

Chavarria-Smith, J., and Vance, R.E. (2013). Direct proteolytic cleavage of NLRP1B is
necessary and sufficient for inflammasome activation by anthrax lethal factor. PLoS Pathog 9,
€1003452.

Chui, A.J., Okondo, M.C., Rao, S.D., Gai, K., Griswold, A.R., Johnson, D.C., Ball, D.P.,
Taabazuing, C.Y., Orth, E.L., Vittimberga, B.A., et al. (2019). N-terminal degradation activates
the NLRP1B inflammasome. Science (80-. ). 364, 82—85.

D’Osualdo, A., Weichenberger, C.X., Wagner, R.N., Godzik, A., Wooley, J., and Reed, J.C.
(2011). CARDS8 and NLRP1 Undergo Autoproteolytic Processing through a ZU5-Like Domain.
PLoS One 6, €27396.

Feldmeyer, L., Keller, M., Niklaus, G., Hohl, D., Werner, S., and Beer, H.D. (2007). The
Inflammasome Mediates UVB-Induced Activation and Secretion of Interleukin-1f by
Keratinocytes. Curr. Biol. /7, 1140-1145.

Fenini, G., Grossi, S., Contassot, E., Biedermann, T., Reichmann, E., French, L.E., and Beer, H.-
D. (2018a). Genome editing of human primary keratinocytes by CRISPR/Cas9 reveals an
essential role of the NLRP1 inflammasome in UVB sensing. J. Invest. Dermatol.

Fenini, G., Grossi, S., Gehrke, S., Beer, H.-D., Satoh, T.K., Contassot, E., and French, L.E.
(2018b). The p38 Mitogen-Activated Protein Kinase Critically Regulates Human Keratinocyte
Inflammasome Activation. J. Invest. Dermatol. /38, 1380-1390.

Fenini, G., Karakaya, T., Hennig, P., Di Filippo, M., and Beer, H.-D. (2020). The NLRP1
Inflammasome in Human Skin and Beyond. Int. J. Mol. Sci. 21, 4788.

22


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

40

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Finger, J.N., Lich, J.D., Dare, L.C., Cook, M.N., Brown, K.K., Duraiswami, C., Bertin, J., and
Gough, P.J. (2012). Autolytic proteolysis within the function to find domain (FIIND) is required
for NLRP1 inflammasome activity. J Biol Chem 287, 25030-25037.

Fulcher, L.J., Hutchinson, L.D., Macartney, T.J., Turnbull, C., and Sapkota, G.P. (2017).
Targeting endogenous proteins for degradation through the affinity-directed protein missile
system. Open Biol. 7, 170066.

Gai, K., Okondo, M.C., Rao, S.D., Chui, A.J., Ball, D.P., Johnson, D.C., and Bachovchin, D.A.
(2019). DPP&/9 inhibitors are universal activators of functional NLRP1 alleles. Cell Death Dis.
10, 587.

Gong, Q., Robinson, K., Xu, C., Huynh, P.T., Chong, K.H.C., Tan, E.Y.J., Zhang, J., Boo, Z.Z.,
Teo, D.E.T., Lay, K., et al. (2021). Structural basis for distinct inflammasome complex assembly
by human NLRP1 and CARDS. Nat. Commun. 2021 121 /2, 1-15.

Grywna, K., Kupfer, B., Panning, M., Drexler, J.F., Emmerich, P., Drosten, C., and Kiimmerer,
B.M. (2010). Detection of all species of the genus Alphavirus by reverse transcription-PCR with
diagnostic sensitivity. J. Clin. Microbiol. 48, 3386—3387.

Haase, V. (2009). The VHL Tumor Suppressor: Master Regulator of HIF. Curr. Pharm. Des. 135,
3895-3903.

Herlin, T., Jorgensen, S.E., Host, C., Mitchell, P.S., Christensen, M.H., Laustsen, M., Larsen,
D.A., Schmidt, F.I., Christiansen, M., and Mogensen, T.H. (2019). Autoinflammatory disease
with corneal and mucosal dyskeratosis caused by a novel NLRP1 variant. Rheumatology.

Hollingsworth, L.R., Sharif, H., Griswold, A.R., Fontana, P., Mintseris, J., Dagbay, K.B., Paulo,
J.A., Gygi, S.P., Bachovchin, D.A., and Wu, H. (2021). DPP9 sequesters the C terminus of
NLRP1 to repress inflammasome activation. Nat. 2021 5927856 592, 778-783.

Huang, M., Zhang, X., Toh, G.A., Gong, Q., Wang, J., Han, Z., Wu, B., Zhong, F., and Chai, J.
(2021). Structural and biochemical mechanisms of NLRP1 inhibition by DPP9. Nat. 2021
5927856 592, 773-777.

Iordanov, M.S., Pribnow, D., Magun, J.L., Dinh, T.H., Pearson, J.A., and Magun, B.E. (1998).
Ultraviolet Radiation Triggers the Ribotoxic Stress Response in Mammalian Cells *. J. Biol.
Chem. 273, 15794-15803.

Johnson, D.C., Taabazuing, C.Y., Okondo, M.C., Chui, A.J., Rao, S.D., Brown, F.C., Reed, C.,
Peguero, E., de Stanchina, E., Kentsis, A., et al. (2018). DPP8/DPP9 inhibitor-induced
pyroptosis for treatment of acute myeloid leukemia. Nat. Med. 24, 1151-1156.

Karliuk, Y., Hemdt, A. Vom, Wieseler, J., Pfeffer, M., and Kiimmerer, B.M. (2021).
Characterization and Vector Competence Studies of Chikungunya Virus Lacking Repetitive
Motifs in the 3’ Untranslated Region of the Genome. Viruses 2021, Vol. 13, Page 403 /3, 403.

Kuma, Y., Sabio, G., Bain, J., Shpiro, N., Marquez, R., and Cuenda, A. (2005). BIRB796
Inhibits All p38 MAPK Isoforms in Vitro and in Vivo*. J. Biol. Chem. 280, 19472—-19479.

Kiimmerer, B.M., Grywna, K., Glisker, S., Wieseler, J., and Drosten, C. (2012). Construction of
an infectious Chikungunya virus cDNA clone and stable insertion of mCherry reporter genes at
two different sites. J. Gen. Virol. 93, 1991-1995.

Lefrancois, L., and Lyles, D.S. (1982). The interaction of antibody with the major surface

23


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

40

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

glycoprotein of vesicular stomatitis virus. I. Analysis of neutralizing epitopes with monoclonal
antibodies. Virology /21, 157-167.

Levinsohn, J.L., Newman, Z.L., Hellmich, K.A., Fattah, R., Getz, M.A., Liu, S., Sastalla, I.,
Leppla, S.H., and Moayeri, M. (2012). Anthrax Lethal Factor Cleavage of Nlrpl Is Required for
Activation of the Inflammasome. PLOS Pathog. 8, €¢1002638.

Liao, K.C., and Mogridge, J. (2013). Activation of the Nlrp1b inflammasome by reduction of
cytosolic ATP. Infect Immun 817, 570-579.

Marsh, M., Bolzau, E., and Helenius, A. (1983). Penetration of semliki forest virus from acidic
prelysosomal vacuoles. Cell 32, 931-940.

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta. Mol. Cell 10, 417—
426.

Mitchell, P.S., Sandstrom, A., and Vance, R.E. (2019). The NLRP1 inflammasome: new
mechanistic insights and unresolved mysteries. Curr. Opin. Immunol. 60, 37-45.

Okondo, M.C., Rao, S.D., Taabazuing, C.Y., Chui, A.J., Poplawski, S.E., Johnson, D.C., and
Bachovchin, D.A. (2018). Inhibition of Dpp8/9 Activates the Nlrp1b Inflammasome. Cell Chem.
Biol. 25, 262-267.e5.

Raingeaud, J., Whitmarsh, A.J., Barrett, T., Dérijard, B., and Davis, R.J. (1996). MKK3- and
MKKo6-regulated gene expression is mediated by the p38 mitogen-activated protein kinase signal
transduction pathway. Mol. Cell. Biol. /6, 1247-1255.

Rice,’, C.M., Levis, R., Strauss, J.H., and Huang’, H. V (1987). Production of infectious RNA
transcripts from Sindbis virus cDNA clones: mapping of lethal mutations, rescue of a

temperature-sensitive marker, and in vitro mutagenesis to generate defined mutants. J. Virol. 61,
3809-3819.

Robert Hollingsworth, L., David, L., Li, Y., Griswold, A.R., Ruan, J., Sharif, H., Fontana, P.,
Orth-He, E.L., Fu, T.M., Bachovchin, D.A., et al. (2021). Mechanism of filament formation in
UPA-promoted CARDS8 and NLRP1 inflammasomes. Nat. Commun. 2021 121 72, 1-13.

Robinson, K.S., Teo, D.E.T., Tan, K. Sen, Toh, G.A., Ong, H.H., Lim, C.K., Lay, K., Au, B.V.,
Lew, T.S., Chu, J.J.H., et al. (2020). Enteroviral 3C protease activates the human NLRP1
inflammasome in airway epithelia. Science (80-. ). 370.

Sand, J., Haertel, E., Biedermann, T., Contassot, E., Reichmann, E., French, L.E., Werner, S.,
and Beer, H.D. (2018). Expression of inflammasome proteins and inflammasome activation
occurs in human, but not in murine keratinocytes. Cell Death Dis. 2018 92 9, 1-14.

Sandstrom, A., Mitchell, P.S., Goers, L., Mu, E.W., Lesser, C.F., and Vance, R.E. (2019).
Functional degradation: A mechanism of NLRP1 inflammasome activation by diverse pathogen
enzymes. Science eaaul330.

Sastalla, I., Crown, D., Masters, S.L., McKenzie, A., Leppla, S.H., and Moayeri, M. (2013).
Transcriptional analysis of the three Nlrp1 paralogs in mice. BMC Genomics /4, 188.

Schmid-Burgk, J.L., Schmidt, T., Gaidt, M.M., Pelka, K., Latz, E., Ebert, T.S., and Hornung, V.
(2014). OutKnocker: a web tool for rapid and simple genotyping of designer nuclease edited cell
lines. Genome Res. 24, 1719-1723.


https://doi.org/10.1101/2022.01.24.477423

10

15

20

25

30

35

40

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Schmidt, F.I., Hanke, L., Morin, B., Brewer, R., Brusic, V., Whelan, S.P.J., and Ploegh, H.L.
(2016a). Phenotypic lentivirus screens to identify functional single domain antibodies. Nat.
Microbiol. /.

Schmidt, F.I., Lu, A., Chen, J.W., Ruan, J., Tang, C., Wu, H., and Ploegh, H.L. (2016b). A single
domain antibody fragment that recognizes the adaptor ASC defines the role of ASC domains in
inflammasome assembly. J. Exp. Med. 273, 771-790.

Schonborn, J., OberstraB3, J., Breyel, E., Tittgen, J., Schumacher, J., and Lukacs, N. (1991).
Monoclonal antibodies to double-stranded RNA as probes of RNA structure in crude nucleic
acid extracts. Nucleic Acids Res. 79, 2993-3000.

Sester, D.P., Thygesen, S.J., Sagulenko, V., Vajjhala, P.R., Cridland, J.A., Vitak, N., Chen,
K.W., Osborne, G.W., Schroder, K., and Stacey, K.J. (2015). A novel flow cytometric method to
assess inflammasome formation. J Immunol 794, 455-462.

Soucy, T.A., Smith, P.G., Milhollen, M.A., Berger, A.J., Gavin, J.M., Adhikari, S., Brownell,
J.E., Burke, K.E., Cardin, D.P., Critchley, S., et al. (2009). An inhibitor of NEDD8-activating
enzyme as a new approach to treat cancer. Nat. 2009 4587239 458, 732-736.

Tschopp, J., Martinon, F., and Burns, K. (2003). NALPs: a novel protein family involved in
inflammation. Nat. Rev. Mol. Cell Biol. 2003 42 4, 95-104.

Tsu, B. V., Beierschmitt, C., Ryan, A.P., Agarwal, R., Mitchell, P.S., and Daugherty, M.D.
(2021). Diverse viral proteases activate the nlrp1 inflammasome. Elife /0, 1-76.

de Vasconcelos, N.M., Vliegen, G., Gongalves, A., De Hert, E., Martin-Pérez, R., Van
Opdenbosch, N., Jallapally, A., Geiss-Friedlander, R., Lambeir, A.-M., Augustyns, K., et al.
(2019). DPP8/DPP9 inhibition elicits canonical Nlrp1b inflammasome hallmarks in murine
macrophages. Life Sci. Alliance 2, e201900313.

Vind, A.C., Snieckute, G., Blasius, M., Tiedje, C., Krogh, N., Bekker-Jensen, D.B., Andersen,
K.L., Nordgaard, C., Tollenaere, M.A.X., Lund, A.H., et al. (2020a). ZAKa Recognizes Stalled
Ribosomes through Partially Redundant Sensor Domains. Mol. Cell 78, 700-713.

Vind, A.C., Genzor, A.V., and Bekker-Jensen, S. (2020b). Ribosomal stress-surveillance: three
pathways is a magic number. Nucleic Acids Res. 48, 10648—10661.

Wang, X., Mader, M.M., Toth, J.E., Yu, X., Jin, N., Campbell, R.M., Smallwood, J.K., Christe,
M.E., Chatterjee, A., Goodson, T., et al. (2005). Complete Inhibition of Anisomycin and UV
Radiation but Not Cytokine Induced JNK and p38 Activation by an Aryl-substituted
Dihydropyrrolopyrazole Quinoline and Mixed Lineage Kinase 7 Small Interfering RNA. J. Biol.
Chem. 280, 19298-19305.

Whelan, S.P.J., Ball, L.A., Barr, J.N., and Wertz, G.T.W. (1995). Efficient recovery of infectious
vesicular stomatitis virus entirely from cDNA clones. Biochemistry 92, 8388—8392.

Yu, C.-H., Moecking, J., Geyer, M., and Masters, S.L. (2017). Mechanisms of NLRP1-Mediated
Autoinflammatory Disease in Humans and Mice. J. Mol. Biol.

Zhong, F.L., Mamai, O., Sborgi, L., Boussofara, L., Hopkins, R., Robinson, K., Szeverényi, 1.,
Takeichi, T., Balaji, R., Lau, A., et al. (2016). Germline NLRP1 Mutations Cause Skin
Inflammatory and Cancer Susceptibility Syndromes via Inflammasome Activation. Cell /67,
187-202.e17.


https://doi.org/10.1101/2022.01.24.477423

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zhong, F.L., Robinson, K., Teo, D.E.T., Tan, K.-Y., Lim, C., Harapas, C.R., Yu, C.-H., Xie,
W.H., Sobota, R.M., Au, V.B,, et al. (2018). Human DPP9 represses NLRP1 inflammasome and
protects against autoinflammatory diseases via both peptidase activity and FIIND domain
binding. J. Biol. Chem. 293, 18864—18878.

26


https://doi.org/10.1101/2022.01.24.477423

10

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Resting cell_ 1ot 051
HEK 293T UbC:ASC-EGFP ot =
[2] 2 ®
stimulation < “ -% 10
> <5 4 < 101 '3 -
. a 400800
UBC:NLRP1-HA UbC:NLRP3-HA Cell with &0 433 =
ASC speck W |40 3
+ -+ > !
HEKNLRP1 ASC HEKNLRPS ASC % W,L. 8 102 y _8
0|l < . g
@ 1o & =
2y 0 400 800
PP grp——
B .. C.y D, ASC-EGFP width
5 8 40 5 849 5 8 49
24 30 2d 30 2d 30
8w S Qw
2 G a6 2 G
g G20 2920 2320
XA R ¢ RO
5 10 é 10 2 10
0= Tal 0= 0RO Azide
20h 3min g +2-DG
+20h Z 6h
E

EH EKNLRP1 +ASC
1 HEKNLRP3+ASC

o 280 80
. B, B, B

poly I:C poly I:C poly HT-
20h (LMW) (HMW) dA:dT DNA
LF2000

% specks of
ASC-EGFP+ cells
oON b~ O @ 8

Fig. 1. Reconstituted reporter cell lines recapitulate NLRP1 inflammasome assembly.
(A) Scheme of generated reporter cell lines and detection of ASC specks by flow cytometry. (B-
E) HEKNLRPIFASC o HEKNLRP3FASC cells were treated with the indicated stimuli for 20 h (B-C, E)
or 6 h (D). ASC-EGFP-positive cells were analyzed by flow cytometry and the fraction of cells
with ASC specks was determined with the gating strategy described in (A). Cells were treated with
30 uM talabostat (Tal) (B), UV for 3 min (C), 10 mM sodium azide and 50 mM 2-deoxyglucose
(2-DG) (D), or transfected with 1 or 0.2 pg/mL of the indicated nucleic acid species (E). Data
represents average values (with individual data points) from three independent experiments +

SEM; UbC indicates ubiquitin C (promoter), LF2000 indicates Lipofectamine 2000, HT-DNA
indicates herring testis DNA.
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Fig. 2. Reporter keratinocyte cell lines recapitulate NLRP1 inflammasome assembly.
(A) Scheme of generated N/TERT-1 reporter cell lines and detection of caspase-1¢ARP (C1C)
specks by flow cytometry. N/TERT-1C!C-EGFP cells and their derivatives (B, C, E-I) or primary
normal human epidermal keratinocytes expressing C1C-EGFP (NHEKC!C-EGFP) (D) were treated
with the indicated stimuli for 20 h (B-E, H, I) or 6 h (F, G). To quantify inflammasome assembly,
N/TERT-1 derivates were stimulated in the presence of 100 uM Vx-765 (VX) and C1C-EGFP-
positive cells were analyzed by flow cytometry. The fraction of cells with C1C-EGFP specks was
determined with the gating strategy described in A (B, D-F, H, I). IL-1p from the supernatants of
cells stimulated in the absence or presence of VX was quantified by Homogeneous Time Resolved
Fluorescence (HTRF) (C, G, I). (B, C) Wildtype N/TERT-1¢!C-EGFP and the indicated monoclonal
knockouts of ASC or NLRP1 were treated with 30 uM talabostat and analyzed for C1C-EGFP
specks (B) and IL-1p secretion (C); knockouts were confirmed by immunoblot with the indicated
antibodies (B). (D) Primary NHEK“!“-ECGFP were treated with 30 uM talabostat and analyzed for
C1C-EGFP specks. N/TERT-1¢1¢EGFP were treated with UV for 3 min (E), 10 mM sodium azide
and 50 mM 2-DG (F, G), or transfected with 1 or 0.2 pg/mL of the indicated nucleic acid species
(H, I), and analyzed for C1C specks (E, F, H) or IL-1 B secretion (G, I). Data represents average
values (with individual data points) from three independent experiments + SEM.
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Fig. 3. Ubiquitination of NLRPI1?Y? is sufficient for activation of human NLRPI.
A) Experimental setup and scheme of nanobody-mediated ubiquitination of NLRPI.
HEKNLRPIFASC and HEKNLRP3*ASC cells were transiently transfected with expression vectors for
HA-tagged VHHs or FLAG-tagged VHL-VHH fusions; N/TERT-1 cells were transduced with
lentiviral vectors encoding C1C-EGFP and (VHL-)VHH controlled by a bidirectional doxycycline
(dox)-inducible promoter. (B) HEKNLRPIFASC and HEKNERP3*ASC expressing the indicated VHL-
VHH fusions or VHHs alone were analyzed for ASC-EGFP specks 20 h post transfection. Control
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samples were treated with 30 uM talabostat for 20 h or 10 uM Nigericin (Nig) for 1 h. (C)
HEKNLRPIFASC were transfected as in (B), treated with 1 uM MLN4924 (MLN4) or DMSO 4 h
post transfection, stained for FLAG and analyzed for speck formation in FLAG-positive cells after
20 h. (D-I) N/TERT-1 cells inducibly expressing VHL-VHH or VHH alone were treated with 1
pg/mL dox for the indicated time in presence of 100 uM VX (D,E), or in the presence of VX as
indicated (F, H), and subsequently analyzed for C1C-EGFP specks (D, E), cell death by lactate
dehydrogenase (LDH) release (F, G), or IL-P release by HTRF (H, I). Where indicated, cells were
treated with 1 uM MLN4, 1 uM MLN7243 (MLN7), 1 uM MG-132, or DMSO. Data represents
average values (with individual data points) from three independent experiments + SEM.
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Fig. 4. Human NLRP1 is activated by the ribotoxic stress response. (A-C) HEKN-RPIFASC (A
C) or N/TERT-1CICEGEP (B) cells were treated with UV for 3 min and cultivated for 20 h in the
presence of 20 uM SB202190 (SB), 10 uM Doramapimod (Dora), | pM MLN4, 1 uM PF3644022
(PF), 200 nM ISRIB, 3 uM Jnk-In-8 (Jnk), or DMSO. Speck formation was quantified by flow
cytometry (A, B) or lysates analyzed by immunoblot with antibodies for p38 and phospho-p38 (P-
p38) (C). (D-F) HEKNLRPIFASC (D ) HEKNLRP3ASC (D) or N/TERT-1¢1¢-ECFP (E,| F) were treated
with 15 uM anisomycin (Aniso) for 60 min. Lysates were analyzed by immunoblot with antibodies
for p38, P-p38, HA, EGFP, or GAPDH (D, E). Fixed cells were stained for P-p38 and analyzed by
flow cytometry (F). (G, I) HEKNLRPIFASC "HHERKNLRPIFASC (GG) or N/TERT-1C1CEGEP (1) cells were
treated with 15, 1.5, or 0.15 pM anisomycin for 6 h, where indicated in the presence of 20 uM SB.
Specks were quantified as in (A). (H, J) HEKNRPIFASC o HEKNLRP3TASC (F) or N/TERT-1C!1C-EGEP
(J) cells were treated with 2.5, 0.5, and 0.1 uM lactimidomycin (Lacti) for 20 h and analyzed as in
(A). (K) N/TERT-1CICECFP wildtype cells, or the indicated monoclonal (m) or polyclonal (p)
knockout cell lines were treated with 15 uM anisomycin for 6 h or 30 uM talabostat for 20 h,
where indicated in the presence of 20 uM SB. Cells were analyzed as in (A). (L) NHEK¢!¢-EGEP
were stimulated with 15 pM anisomycin, 2 pM lactimidomycin, or 30 uM talabostat in the
presence of DMSO or 20 uM SB, and analyzed as in (A). (M) HEK”5C cells transiently expressing
human NLRP1, the indicated murine Nlrp1b alleles, or a chimeric protein comprised of PYD and
linker of NLRP1 (aa 1-327) and NACHT-LRR-FIIND-CARD of mNIrplb (aa 126-1233), were
treated with 30 uM talabostat or 15 uM anisomycin. Cells were analyzed as in D. Data from all
flow cytometry experiments quantifying specks represents average values (with individual data
points) from three independent experiments + SEM. Immunoblots in (C-E), as well as flow
cytometry data in (F) display experiments representative of three independent experiments.
N/TERT-1¢1CECFP and NHEK“1C-ECFP cells were stimulated in the presence of 100 uM VX for all
flow cytometry experiments.
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Fig. 5. NLRP1 activation by ribotoxic stress response relies on the ubiquitination machinery
and proteasomes. HEKN-RPIFASC (A_D) N/TERT-1¢!CECFP (E-F), or N/TERT-1 cells inducibly
expressing C1C-EGFP and the indicated VHL-VHH fusions (G-H) were stimulated with 15 uM
anisomycin (A, C, E, F), 2 uM lactimidomycin (B, F), 30 uM talabostat (C, F), transient (D) or
inducible (G-H) expression of VHL-VHH fusions for the indicated time. Cells were stimulated in
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the presence of 10 uM Dora, 1 uM MLN7, 1 uM MLN4, 1 uM PF, 200 nM ISRIB, 3 uM Jnk-In-
8 (Jnk), 20 uM SB, 20 uM Bestatin Methylester (BeMeEs), 1 uM MG-132, 1 uM bortezomib
(Borte), or DMSO as indicated. N/TERT-1 cells were always stimulated in the presence 100 uM
VX for all flow cytometry experiments. Specking cells were quantified by flow cytometry. Where
indicated, cell death was quantified by LDH release and IL-1p release by HTRF. Data represents
average values (with individual data points) from three or four independent experiments + SEM.


https://doi.org/10.1101/2022.01.24.477423

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Aw1 00 = £1 00 ©10 I HEKNLRP1+ASC
§ 80 - g 80 5 ? 8 [ HEKNLRP3+ASC
(2]
60 & 60 3 a6
Z 404 > 40 204
3 20 > 20 RO 2
R 0 L) 20
SB_+ _+ _+ SB_+_ _+_ SB_+_ _+ _+_ _+_
mock SFV SINV mock VSV mock SFV SINV VSV
N/TERT 1010 EGFP
B 100 ,100 215
g 80 3 80 " 58
+ 60— & 60 £a0 A
Z 40 = 40 1S%0] 5
G 20 = 2 20 o
% o = 0 5o
SB_+ _+ _+ SB _+ _+ SB _+ _+ _+ _+
322 2% T222
o <= Ie] o =
E P w g = E P 5 =
C 415 NTERT-1010€6 015 oo
© 4 @ 4
S o 5 © mSFV
@mw 5 & w5 n FI
RO RO
5 odellencee” 5 olull o 00U
26 EE ENCECECHEONCY
+ O = o~ 8 — A
e o N B T
s @ & ® ® 0 X
< 5 2289 % 8
< fn PR I ]
D 210 HEKNLRP1+ASC E é’ZO N/TERT-1C1cEGFP
z8es 3 845 :
S 6 . . BE
2@ 4 “’610
&m @ o 5
®9 29, RO
82(0850.&_, g%’mooz'l'r_’
g8 =2 a =2

% dsRNA+ cells

mock SFV VEEV CHIKV BFV RRV
EEEV MAYV ONNV
[m} HEKNLHP|+ASC

8- I HEKNLRP3+ASC

% specks of
ASC-EGFP+ cells

mock SFV
E MAYV ONN

VEEV CHIKV BFV RRV
EEV \

G 100 + v NITERT-1C1c-€6P

N A O ®O
——

4

a'g

-~

% dsRNA+ cells
% specks of
C1C-EGFP+ cells

H NLRP1+ASC
Aniso » 100 7 HEK
sy @ 80
I~ lgFv
—/;ONNV $ 60
Y N R 40
SFV o
e e I
27 AB only 0
0 10° 10*
P-p38 AF647


https://doi.org/10.1101/2022.01.24.477423

10

15

20

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig. 6. Alphavirus infection activates NLRP1 in a p38-dependent manner. (A-C)
HEKNLRPIFASC and HEKNERP3FASC (A)) N/TERT-1¢1¢-ECFP (B), or knockout strains derived from
N/TERT-1C1CEGEP (C) were infected with Semliki Forest virus (SFV), Sindbis virus (SINV), or
vesicular stomatitis virus (VSV) at a multiplicity of infection (MOI) of 1 (HEK) or 5 (N/TERT-1)
for 20 h in the presence or absence of 20 uM SB. Infected cells were stained with antibodies for
double-stranded RNA (dsRNA) (SFV, SINV), or VSV G (VSV) and infection and speck assembly
in infected cells was quantified by flow cytometry. (D, E) HEKNIRPIFASC (D) or N/TERT-1¢1¢
EGFP (E) cells were infected with SFV as in (A), cultivated for a 20 h in the presence of the indicated
drugs, and analyzed for specks as in (A). (F, G) HEKNIRPIFASC (F) or N/TERT-1¢1C-ECHP (G) cells
were infected with SFV (F: MOI 1/G: MOI 5), Eastern equine encephalitis virus (EEEV) (MOI
1/5), Venezuelan equine encephalitis virus (VEEV) (MOI 1/50), Chikungunya virus (CHIKV)
(MOI 1/50), Mayaro virus (MAYV) (MOI 25/50), o'nyong nyong virus (ONNV) (MOI 25/50),
Barmah Forest Virus (BFV) (MOI 25/50) or Ross River virus (RRV) (MOI 25/50) for 20 h in the
absence or presence of 20 uM SB. Infection and speck responses were quantified as in (A). (H)
HEKNLRPIFASC cells were infected with the indicated viruses as in (A) and (F) and stained for
phospho-p38. Control cells were treated with 15 uM anisomycin. Representative histograms (left),
and average fractions of P-p38-positive cells from three independent experiments (right) are
displayed. N/TERT-1 cells were always infected in the presence 100 uM VX for all flow cytometry
experiments. Data represents average values (with individual data points) from three independent
experiments = SEM.
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Fig. 7. P38 activation is sufficient for NLRP1 activation. (A) N/TERT-1¢!“EGFP wt or knockout
strains derived from N/TERT-11¢ECGFP were treated with 15 uM anisomycin, 30 uM talabostat, or
infected with SFV at an MOI of 5 for 20 h in the presence or absence of 20 uM SB. Speck assembly
was quantified by flow cytometry, in case of SFV limited to infected cells (see fig. S7TA). (B-D)
HERNLRPIFASC o HEKNLRP3*ASC cells were transiently transfected with empty vectors (B),
expression vectors for p38a (C) or p38a T180A Y182A (p38a AA) (D) in combination with
expression vectors for MKK 1, MKK3, MKK3 S218E T222E (MKK3 EE), MKK3 S218A T222A
(MKK3 AA), MKK4, MKKS5, or MKK6. Where indicated, cells were treated with 20 uM Dora.
Cells with ASC-EGFP specks were quantified by flow cytometry. Data represents average values

37


https://doi.org/10.1101/2022.01.24.477423

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.24.477423; this version posted January 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(with individual data points) from three independent experiments + SEM. (E) 0.2 uM recombinant
p383 was incubated with recombinant 7 uM MBP-NLRP1 or MBP-NLRP12PYP-linker (34 230-990)
or no substrate at 30 °C for 30 min in kinase buffer containing [**P]-y-ATP. Protein-associated 2P
was quantified by liquid scintillation counting. Data represents average values (with individual
data points) from four independent experiments + SD.
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