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Abstract

Pyrin inflammasome is a guard of RhoA activity. Pyrin activation is regulated by two steps: pyrin
phosphorylation enacted by RhoA effectors PKN1/2, and a second checkpoint that relies on
microtubule dynamics. Mutations in the pyrin encoding MEFV gene cause an auto-inflammatory
disorder termed Familial Mediterranean fever (FMF). Most FMF-causing mutations cluster in MEFV
exon 10 encoding the B30.2 domain of pyrin. A chemical screen performed on monocytes stably
expressing a constitutively dephosphorylated variant of pyrin, identified novel pyrin activators —
steroid hormone derivatives etiocholanolone and pregnanolone. These molecules activate pyrin via a
non-canonical mechanism dependent on the B30.2 domain of pyrin and without inhibiting RhoA. This
observation suggests that endogenous steroid catabolites could drive autoinflammation. Curiously,
progesterone inhibited pyrin activation by pregnanolone in a dose-dependent manner. At the same
time pyrin activation by TcdA was independent of B30.2, and B30.2 deletion mimicked a prototypical
FMF mutation. Our analysis of the impact of mutations in the central helical scaffold (CHS) domain on
pyrin activation by various stimuli revealed that the CHS domain is a second C-terminal regulatory
domain of pyrin. Interestingly, specific mutations in the CHS domain, including p.Q426R and p.F479L,
render pyrin highly susceptible to activation by steroid hormones and their derivatives, and by
simvastatin. Taken together results presented in this manuscript reveal two domains at the C-terminus
of pyrin — the CHS and the B30.2 — that regulate pyrin activation in a coupling mechanism, likely
mediated by conformational changes. We also identify a novel role for the pyrin inflammasome as a

sensor of steroid hormone metabolism.

Key words: pyrin inflammasome, Familial Mediterranean fever, autoinflammatory disease, pyrin

regulation, B30.2, steroid sex hormones, cholesterol metabolism.



Résumé

L'inflammasome pyrine est activé en réponse a I'inhibition de RhoA par des pathogenes. La régulation
de pyrine se déroule en deux étapes : la phosphorylation de pyrine par les kinases PKN1/2, eux-mémes
des effecteurs de RhoA, et une deuxieme étape liée a la dynamique des microtubules. Les mutations
du géne MEFV qui code pyrine provoquent une maladie auto-inflammatoire — la fiévre
Méditerranéenne familiale (FMF). La majorité de mutations associées a la FMF est regroupée au sein
de I'exon 10 du géne qui code le domaine B30.2. Un crible chimique effectué sur une lignée de
monocytes exprimant une pyrine constitutivement déphosphorylée a identifié de nouveaux
activateurs de l'inflammasome pyrine — des dérivés d’hormones stéroides : I'étiocholanolone et la
prégnanolone. Ces molécules activent pyrine par un mécanisme non-canonique dépendent du
domaine B30.2 et sans inhibition de RhoA. Ainsi, les catabolites stéroides endogénes pourraient étre
a l'origine d’auto-inflammation. En revanche, la progestérone inhibe I'activation de pyrine par la
prégnanolone de maniere dose-dépendante. L’activation de pyrine par la toxine bactérienne TcdA est,
elle, indépendante du domaine B30.2, et la délétion de ce domaine réplique le phénotype typique de
la mutation classique de la FMF (p.M694V). Notre analyse de I'effet des mutations localisées dans le
domaine « central helical scaffold » (CHS) sur la réponse de pyrine aux divers stimuli a révélé un
deuxieme domaine régulateur en C-terminal de pyrine. Des mutations spécifiques, telles que p.Q426R
et p.F479L, rendent pyrine particulierement sensible a I'activation par les hormones stéroides et leurs
dérivés, ainsi que par la simvastatine. L’ensemble de résultats présenté dans ce manuscrit révele deux
domaines en C-terminal de pyrine —B30.2 et CHS — qui régulent I'activation de I'inflammasome pyrine
grace a un mécanisme de couplage probablement médié par une série de changements
conformationnels de la protéine. Nous avons également identifié un nouveau role de I'inflammasome

pyrine en tant que senseur de métabolisme des hormones stéroides.

Mots clés: inflammasome pyrine, fievre Méditerranéenne familiale, maladie auto-inflammatoire,

régulation de pyrine, B30.2, hormones sexuelles stéroides, métabolisme du cholestérol.
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1. Inflammasomes

The innate immune system is the first barrier that a pathogen encounters during infection. This first
line of defence relies on germline-encoded pattern recognition receptors (PRRs) that sense pathogen-
associated molecular patterns (PAMPs) such as LPS or flagellin, or other molecules that can be found
on the surface or within pathogens. Alternatively, the PRRs can be triggered by damage-associated
molecular patterns (DAMPs) such as alarmins, DNA or uric acid that are released in the extracellular
space when cells die as a result of infection or cell damage. In the case of PAMP and DAMP, PRRs sense
danger through direct binding of a ligand. For example, Toll-Like Receptor 4 (TLR4) binds bacterial LPS
and Absent In Melanoma 2 (AIM2) binds cytosolic dsDNA.

1.1 The innate immune sensing of pathogens and danger signals

More recently a new mechanism of indirect pathogen sensing, previously known in plants, has been
described in animal cells. In this case, the PRR activation is triggered by an alteration of cellular
processes as a result of infection or other abnormal process. Such phenomena became known as
homeostasis-altering molecular processes (HAMPs) (Liston and Masters, 2017). HAMP-sensing is the
mode of action of the pyrin inflammasome which acts as the guard of RhoA activity.

ATP, Crystallin structure, Anthrax lethal toxin, Flagella and PrgJ,

: DsDNA muramyl dipeptide,  Bacterial toxin :
Toxin, extracellular RNA... Rod and Needle protein
oxin, extracellular dsRNA and 3C nd Ne: protei

OV XX B N s,

} } } I }
NLRP3 AlM2 NLRP1 PYRIN NLRC4

ASC ASC ASC ASC NARP

Pro-Caspase1
Inflammasomes |

¥ ¥ Pro-IL-18 Pro-IL-18
GS'BTM?),ZJL Gs_g.’:.AD <4——— Caspasel ————» l l
L " @ IL-18 IL-1p
Cell membrane pore I |
1
v
Pyroptosis

Figure 1.1 Basic mechanisms of canonical inflammasome activation (adapted from (Wei et al., 2022)). Canonical
inflammasomes, including NLRP3, AIM2, NLRP1, Pyrin and NLRC4 are composed of PRR, ASC and pro-caspase-1.
Activation of the PRR sensor by corresponding stimuli leads to cleavage and activation of caspase-1. Activated
caspase-1 can induce the formation of GSDMD-NT, which contributes to the perforation of the cell membrane

and enhances the capability of processing IL-16 and IL-18.
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1.2 Inflammasomes

Inflammasomes are large multimeric complexes that oligomerize in the cell cytosol when activated.
They were identified in 2002 by Fabio Martinon and colleagues, who described the caspase-activating
complex and identified the key protein partners that cooperate to form the inflammasome (Fabio
Martinon et al., 2002). Inflammasome activation leads to the activation of caspase-1 and cleavage of
the pro-inflammatory cytokines IL-18 and IL-1[3, accompanied by the cleavage of gasdermin D (GSDMD)
and the formation of GSDMD pores in the cell membrane. In most cases, as a result, the cell undergoes
pyroptosis — a form of rapid pro-inflammatory cell death (Fig. 1.1). Therefore, inflammasome
activation is a highly potent pro-inflammatory mechanism that is tightly regulated as described later

in this manuscript with the example of pyrin inflammasome regulation.

Inflammasomes contain three main components: the sensor, the adaptor and the effector.

1.2.1 Inflammasome sensors

Inflammasome sensors can be triggered into action by a large spectrum of danger signals. It can be
specific molecules attributed to pathogens sensed by direct binding, or alterations of the cell
homeostasis or the presence of certain molecules outside of the usual compartments. This mechanism
of action provides a large flexibility and a great resistance to possible escape techniques that

pathogens may develop over time in order to avoid the immune response.

The nucleotide-binding domain and leucin-rich repeat containing receptors (NLRs) are a large family of
inflammasome sensors that includes NLRP1, NLRP3 and others. Inflammasome sensors outside of this
family also exist, for example, AIM2 or pyrin. The common feature of many of the inflammasome
sensors is the presence of the pyrin domain (PYD) which mediates the interaction with the adaptor of
the inflammasome - ASC. This presents some notable exceptions like the NAIP/NLRC4 or the NLRP1b
inflammasomes which contains the CARD domain and can interact with caspase-1 without an adaptor

(Sandstrom et al., 2019, p. 1; Vance, 2015).

1.2.2 Inflammasome adaptor — ASC

Apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD) (ASC) acts as
the adaptor within inflammasome complexes. It is a small protein (22 kDa) encoded by the PYCARD
gene. ASC contains two domains: the PYD and the CARD domains. Both domains of ASC are protein-
protein interaction domains that interact with the PYD of the inflammasome sensor on one hand, and

the CARD domain of caspase-1 on the other hand. The inflammasome complex nucleates around the

17



ASC which serves as a platform by forming large structures known as specks. ASC specks are a hallmark
of inflammasome activation and can be visualized by immunofluorescence (de Alba, 2019; Srinivasula

et al., 2002).

1.2.3 Inflammasome effector — caspase-1

Caspase-1 is a small Cysteine-dependent Aspartate-Specific Protease originally discovered as IL-1B
converting enzyme (ICE). Caspase-1 is produced by the cell in the form of a catalytically inactive
zymogen and requires cleavage in order to become activated. Inactive caspase-1 contains a CARD
domain that lacks catalytic function, but it is required for caspase-1 to interact with other CARD-
containing proteins (such as ASC) during its activation. Capase-1 undergoes autoproteolysis when it
binds the ASC protein within the inflammasome complex, the resulting p33 and p10 peptides form the
enzymatically active caspase-1 (Boucher et al., 2018). In this state caspase-1 can cleave and activate
pro-IL-1B and pro-IL-18 which are potent pro-inflammatory cytokines. Also, activated caspase-1
cleaves GSDMD, this cleavage frees the GSDMD-NT, also known as the pore-forming domain (PFD).

This PFD then inserts itself into the cell membrane in order to form pores.

Finally, the autoproteolysis of caspase-1 results in a new cleavage and the release of p20 and p10
peptides. It was previously believed that this p20-p10 dimer constitutes the activate form of caspase-
1, but more recent studies reveal that in this state, capase-1 disperses in the cytosol and loses its

enzyme activity (Boucher et al., 2018; Martinon et al., 2009; Rathinam and Fitzgerald, 2016).

Other inflammatory caspases and notably caspase-4 can be activated within inflammasomes. Non-

caspase-1-inflammasomes are termed non-canonical inflammasomes.

1.3 Pyroptosis — pro-inflammatory cell death

Pyroptosis is a form of inflammatory cell death distinct from other types of programmed cell death.
The term “pyroptosis” was first coined in 2001 when it was described in the context of bacterial
infection-induced pro-inflammatory cell death in macrophages (Brad T Cookson and Brennan, 2001).
Pyroptosis allows the release of activated IL-1B, IL-18 and certain DAMPs into the extracellular space
and thus signal danger to the surrounding cells. Pyroptosis progresses rapidly, with cell swelling, ionic
fluxing, mitochondrial depolarization and lysosome leakage (Bergsbaken et al., 2009; de Vasconcelos

et al., 2019).

Pyroptosis was first characterized as a caspase-1-dependent process, although several caspases have

since been described to mediate pyroptosis (Brad T Cookson and Brennan, 2001; Yu et al., 2021).
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Today, GSDMD is recognized to be the pyroptotic effector molecule. Other members of the GDSMD
family can also form pores and trigger necrosis although GSDMD is the main cell death executioner

downstream of caspase-1.

The cleavage of GSDMD by caspase-1 releases the N-terminal pore forming domain of GSDMD which
then forms pores in the cell membrane but also in the membrane of the lysosomes or the
mitochondrial membrane (Cao and Kagan, 2022). The final event in pyroptosis is the cell membrane
rupture mediated by nerve injury-induced protein 1 (NINJ1) (Kayagaki et al., 2021; Newton et al.,
2021). Curiously, GSDMD pore formation is necessary but is not always sufficient for pyroptosis. In
cases when the inflammasome activation occurs at a slow enough rate that the cell membrane-repair
machinery is able to keep up, the GSDMD pores simply allow the release of mature pro-inflammatory

cytokines from the activated cell (Evavold et al., 2018).
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2. Pyrin structure domain by domain

2.1 Pyrin structure

The pyrin protein consists of 781 amino acids that yield the molecular weight of 95 kDa. As a member
of the TRIM family, pyrin contains some domains typical for this family: the C-terminal B30.2 (also
known as PRY/SPRY), the coiled coil, and the B-box domains. Unlike most other TRIM proteins, pyrin
lacks an N-terminal RING domain, which is replaced with a PYD domain (Fig.2.1). The phosphorylated
linker domain encoded by the exon 2 lacks defined three-dimensional structure but contains some key
functional features that are essential for pyrin regulation. Key features and known interactants of pyrin

domains are listed in Table 1.

MEFV gene
41 24563 1 q
S 9 14400 15006 - 1512 3
. a0 4 &4 -] g 1174, 1 152594 .\
bp
EXON1 EXON 2 EXON 3 EXON 5 EXON 7 EXON9 EXON 10
EXON 4 EXON 6 EXON 8
Pyrin protein

d=a 192 370-412 AZ0-440 580-7é1

Figure 2.1 Schematic representation of the MEFV gene and the pyrin protein that it encodes. The base pair
positions corresponding to the start and the end of exons are indicated on the gene. The amino acid positions
corresponding to the start and the end of the domains, as well as the names of the domains and some key residues

are indicated on the protein. The dotted lines indicate which region of the protein is encoded by which exon.
2.2 PYD

The inflammasome assembly requires protein-protein binding between the sensor protein (pyrin) and
the adaptor protein — ASC. This interaction is mediated by the PYD domains of both partners. These
are small N-terminal domains of approximately 90 amino acids (92 in pyrin) always located on the N-
terminus of the protein. The name PYD comes from “pyrin domain” since it was first identified in the
pyrin protein. The three-dimensional structure of a PYD domain with 6 a-helices resembles a Greek

key. In all 23 human proteins that carry PYD the hydrophobic core involving five out of six
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Domain/Region

Position; length
(amino acids)

Interactants

Function

Ref.

PYD 1-92; 92 ASC, own B-box, tubulin  Inflammasome (Vajjhala et al.,, 2014; Van
assembly Gorpetal.,, 2016a;J.-W. Yu et
al., 2007a)
Phosphorylated PKN1/2, 14-3-3 Phosphorylation- (Gao et al, 2016a;
linker domain induced Moghaddas et al., 2017a)
(PLD) inhibition
B-box 370-412; 42 PSTPIP1, own PYD, Auto-inhibition, (Shoham et al., 2003a; J.-W.
pyrin oligomerization Yu et al., 2007a)
Coiled coil 420 —440; 20 B30.2, pyrin Pyrin (Weinert et al., 2015a; J.-W.
oligomerization Yu et al., 2007a)
B30.2 580 —780; 200  Coiled coil, caspase-1, Negative (Balci-Peynircioglu et al.,
caspase-5, Siva, B2MG, regulation 2008; Chae et al.,, 2008a;

yet unidentified ligand

Papin et al., n.d.; Samukawa

et al.,, 2021; Weinert et al.,
2015a)

Table 2.1 List of pyrin domains, their position and length within the protein as well as established interactants

and the potential function for that interaction.

helices is conserved; the remaining helix — a3 —is the most variable and most likely involved in binding

specificity (Chu et al., 2015).

The PYD domain is instrumental in interactions that activate the innate immune response, but it is also
part of some negative regulation mechanisms. For example, POPs (PYD Only Proteins) consist only of
the PYD domain — as is clear from its name — and act as decoy PYD that competes with other proteins
for the binding. Interestingly, several such proteins are expressed by human immune cells but they are
absent in the mouse proteome (Chu et al., 2015; Khare et al., 2014; Ratsimandresy et al., 2017; Stehlik
et al., 2003).

The mechanistics of the inflammasome assembly through PYD-PYD binding is the subject of several
studies. Through in vitro binding experiments, Vajjhala and colleagues have identified three regions
within pyrin PYD and two regions within the PYD of ASC that participate in the interaction between the
two proteins: both of the ASC sites are required to bind to a PYD of pyrin but the pyrin PYD can interact
with more than one ASC at a time (Fig.2.2) (Vajjhala et al.,, 2014). Such binding Is typical for
inflammasome formation which requires an agglomeration of multiple inflammasome components to
optimally induce caspase-1 activation. Moreover, the same group found that the same ASC residues
are involved in PYD-PYD binding with Pyrin, NLRP3 and POP1, consistent with the idea of regulation by

competition (Vajjhala et al., 2012).
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Aside from the pyrin PYD binding to ASC, PYD interacts with other domains of the Pyrin protein itself.

Figure 2.2 Residues important for interaction of
pyrin PYD with ASC PYD localize in three clusters:
ribbon representation of the pyrin PYD, mutations
that affect interaction are highlighted; basic, acidic
and hydrophobic residues are coloured blue, red
and green respectively (A), surface electrostatic
potential of pyrin PYD shown in the same
orientation as in A and indicating residues
important for interaction (B) (adapted from Vajjhala

et al, 2014).

Several studies describe an intramolecular
interaction between PYD and B-box of the pyrin
protein, that would fold the protein in two — a
conformation that possibly results in
autoinhibition (Ryan et al., 2010; J.-W. Yu et al,,

2007).

Several mutations located in the PYD domain have
been described in FMF patients although their
pathogenic significance is unclear. On a molecular
level, the p.R42W mutation seems to decrease the
strength of interaction between ASC and pyrin, but
the real physiological impact of the mutations
could be minimal since aggregation of multiple
molecules involved in the inflammasome could
compensate for a diminished strength of a single
interaction (Vajjhala et al., 2014; J.-W. Yu et al.,
2007). Interestingly, in the PYD domains of other
inflammasome proteins, tryptophan (W) is the wild
type residue at the equivalent position and
evidence suggests that the substitution of arginine
(R) for tryptophan (W) in this pyrin variant only
contributes to the PYD stability (Vajjhala et al.,
2014).

2.3 Phosphorylated linker domain

The second exon of MEFV encodes a stretch of approximately 200 amino acids between the PYD

domain and the B-box domain with some significant features essential for pyrin regulation. It contains

the two key phosphorylation sites that take part in the control of pyrin activation. Originally identified

as serine residues S241 and S205 in mice, they are equivalent to the human S242 and 5208 (Gao et al.,

2016). At steady state pyrin is inhibited by phosphorylation, the linker domain containing

phosphorylation sites binds a phospho-dependent chaperone protein from the 14-3-3 family (the

mechanism of pyrin activation is presented later in this manuscript). This interaction likely stabilizes

the inactive state of the inflammasome. Mutations in this area of pyrin that involve the phosphorylated

22



residues themselves (p.5242R and p.5208C both identified in FMF patients) or neighbouring residues
(e.g. p.E244K), hinder the 14-3-3 binding so the inflammasome activates more easily. This constitutes
the pathological mechanism of one of the autoinflammatory diseases associated with pyrin — pyrin-

associated autoinflammation with neutrophilic dermatosis (PAAND) (Moghaddas et al., 2017).
2.4 B-Box

The B-box domain of pyrin, located at residues 370 to 412, is a domain exclusive to TRIM proteins. It is
often involved in protein-protein interactions and the pyrin B-box appears to interact with several
partners. The crystal structure of the pyrin B-box has not been resolved, but it is a type 2 B-box, like in
all TRIM proteins containing a single B-box domain, rich in histidine and cysteine residues that ensure

zinc binding (Sardiello et al., 2008).

First, an already described intramolecular binding of the pyrin PYD and B-box domains is hypothesised
to confer an inhibitory conformation to the protein. Second, B-box likely participates in pyrin
oligomerization along with the neighbouring coiled-coil domain (J.-W. Yu et al., 2007). In fact, the role
of B-box domain in self-oligomerisation has been established for several other TRIM proteins (Keown

and Goldstone, 2016; Sun et al., 2019).

Another interactant for the pyrin B-box was identified thanks to an auto-inflammatory syndrome
distinct from FMF. In PAPA syndrome (pyogenic arthritis, pyoderma gangrenosum, acne), mutations in
the gene encoding PSTPIP1 (proline serine threonine phosphatase interacting protein 1) lead to an
enhanced tyrosine phosphorylation of the latter. Shoham and colleagues revealed that PSTPIP1 binds
the B-box domain of pyrin in a phosphorylation-dependent manner. Mutations that increase PSTPIP1
phosphorylation cause a stronger PSTPIP1-pyrin binding and mutations that decrease that
phosphorylation, have the opposite effect (Shoham et al., 2003; Waite et al., 2009). The binding of
phosphorylated PSTPIP1 to the pyrin B-box leads to inflammasome activation. The model suggested
for this activating mechanism is as follows: the pyrin B-box traps the PYD domain at steady state;
phosphorylated PSTPIP1 competes with PYD for the B-box, and when the B-box domain interacts with

PSTPIP1, the PYD is released and becomes available for inflammasome assembly through ASC binding.

The B-box domain contains several zinc-binding fingers known for their ability to bind nucleotides.
Pyrin also contains a b-ZIP domain typically found in transcription factor proteins. It occupies residues
266 to 280, making it adjacent to the B-box in pyrin. There is even evidence that a product of
alternative splicing of the MEFV gene lacking the exon 2, resides in the nucleus (Papin et al., 2000).

Today, the cytosolic subcellular localization of pyrin, as well as its role in cytosolic immunity, is well
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established. It remains unclear if these potential nucleotide binding features find utility within the

physiological function of pyrin.

Mutations found in the B-box of pyrin are listed as “variant of unknown significance” in the Infevers
database: they have been identified in patients with FMF, combined with other mutations, but it is
unclear if on their own these mutations are pathogenic. One study in particular looks into the structural
impact of two of these variants, p.P369S and p.R408Q. Molecular modelling and a set of in vitro
experiments show that it is unlikely that these mutations significantly change the conformation of B-
box, or that they impact the interaction with partners like PSTPIP1 or own PYD (Fig.2.3). Moreover,
these variants do not appear to be spontaneously activated when dephosphorylated, as is the case for
typical FMF-casing mutations and patients carrying the p.P369S and the p.R408Q variants exhibit an
atypical FMF phenotype and only partially respond to colchicine (Magnotti et al., 2019; Ryan et al.,
2010).

2.5 Coiled coil

The coiled coil domain is located between the residues 420 and 440 — it immediately follows the B-box
domain and precedes the B30.2 domain of pyrin. This region takes the form of a simple long a-helix,

but it may have several important functions.

Like the B-box, the coiled coil domain is characteristic of TRIM proteins. In pyrin, the coiled-coil domain
has been shown to mediate the protein self-trimerization (J.-W. Yu et al., 2007); a recent study by Malik
and colleagues showed that pyrin presents as a dimer or larger oligomers at steady state (available on
bioRxiv; doi: 10.1101/2022.03.23.485108). Additionally, the C-terminal fragment of pyrin containing
the coiled coil and B30.2 folds into a complex three-dimensional structure. The resulting dimers, with

the coiled coil and the long a-helix that links it to the B30.2 domain serving as the foundation for the

<+«—— P369 —»

Zinc ion
binding sites

<+— R408

Figure 2.3 Modelling of B-box domain. Substitutions at P369S and R408Q highlighted, neither are predicted to

have significant effect on protein conformation (adapted from Ryan et al, 2009).
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globular B30.2 domains, could open new possibilities for pyrin intra-molecular interactions and self-
oligomerization (Fig.2.4). The authors who first described this conformation, suggest a new name for
the coiled coil domain based on the fact that it provides support for the B30.2 — the central helical
scaffold (CHS) (Weinert et al., 2015). Given that the linker between the CHS and B30.2 is flexible in

solution, such dimerization could play a role in B30.2-mediated interaction with a yet unknown ligand.
2.6 B30.2

The most C-terminal domain of the pyrin protein is the B30.2 (PRYSPRY) domain of approximately 200
amino acids that starts at the residue 580 of the full-length protein. The structure, possible functions

and putative interactants of this domain are elaborated in the next chapter.

2 helical coiled coil 3 helical coiled coil

L560 1557 1553

L 430 L427

al %
al a3
W/\ {px’
AV

LS16
1618

L4B4 V487 V491

13 L458 T455 F451

R e
3cC R

a2
e |
CHS fold 4-helix bundle a1 offset

Figure 2.4 Crystal structure of the C-terminal fragment of pyrin containing coiled coil and B30.2. Chains A and B
of the dimer are colored in cyan and red, helices of each of the coiled coils are numbered al to a4. The dimer is
shown from a side and a top view (A), the residues involved in the dimerization are shown (B), topology of the

resulting dimer (C) (adapted from Weinert et al, 2015).
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3.B30.2

3.1 SPRY/B30.2 domains and SPRY/B30.2-carrying proteins

The terms SPRY and B30.2 are often used interchangeably in literature, but the larger SPRY/B30.2

superfamily can be subdivided into two smaller groups: the SPRY domains of approximately 140

residues, and the PRYSPRY domains — also known as B30.2 domains — which contain an extra N-

terminal segment (PRY) of approximately 60 residues (Perfetto et al., 2013).

The SPRY/B30.2 domains are present in many members of the eukaryotic proteome — it is in fact one

of the most common folds in higher eukaryotes. There are over 100 SPRY/B30.2- containing proteins

in humans — 0.47% of all proteins; 77 in
mice — 0.35% of all proteins. They are
relatively few in invertebrates with only
0.07% of all fruit fly proteins and 0.05%
of all yeast proteins. Indeed, while SPRY
domains can be found in proteins across
the living species including fungi, plants,
bacteria and animals, the B30.2-carrying
proteins are only present in vertebrate
species indicating its more recent
evolutionary history (D’Cruz et al., 2013;
Rhodes et al., 2005).

The overall fold of the SPRY/B30.2
domains is relatively conserved and
takes the form of a twisted B-sandwich
with antiparallel B-sheets (Fig. 3.1).
There are also several conserved peptide
signatures that make it possible to
establish the evolutionary link between
the domains. However, the sequence

identity within the family is quite low

IR'e N

Loop-8

Loop-2 Loop-12  Loop-4 Loop-10

Figure 3.1 PRYSPRY topology cartoon (A) and stereo view of a
ribbon representation (B) of the domain with the PRY sub-
domain in blue and the SPRY sub-domain in red (adapted

from Grutter et al, 2005).

(approximately 20%) and only the hydrophobic core around the B-sheets is conserved. The most

variable parts of the SPRY/B30.2 domains are the loops that link the B-sheets. A common feature of

the SPRY/B30.2 domains is the binding cavity within the SPRY sub-domain (Gritter et al., 2006;

Perfetto et al., 2013; Rhodes et al., 2005).
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Despite the large number of SPRY/B30.2-carrying proteins expressed in human, for most of them their
function, as well as the implication of B30.2 in that function, are poorly understood. In Table 3.1 | have
assembled a list of examples of SPRY/B30.2 domain-carrying proteins, their functions and the putative

ligands identified for the SPRY/B30.2 domain.

It is difficult to identify a unique common function for the SPRY/B30.2-carrying proteins. Just over 50%
of these proteins in humans belong to the TRIM family and contain a B-box domain and/or a RING
domain. Many of them are E3 ligases and it is believed that the SPRY/B30.2 domain may play a role in
protein degradation machinery of the cell. Many of them are also involved in innate immune sensing.
In fact, several of B30.2-containing proteins are known pathogen recognising receptors (PRR): TRIM5a,

Pyrin, BTN3A1 and TRIM25, to name a few.

SPRY/B30.2 typically ensures protein-protein interaction but there are some notable exceptions.
Considering that SPRY/B30.2-carrying proteins are involved in a multitude of metabolic cell processes
often linked to cell immunity, it is likely that SPRY/B30.2 domains have evolved to serve as a malleable
binding platform for ligands of varying nature and size (Perfetto et al., 2013). Here are a few examples
of B30.2-containing proteins and their B30.2 ligands that seem to have physiological significance either

by binding PAMPs directly or by monitoring the cell homeostasis.

TRIM5a is an innate immune sensor that plays a key role in restricting retroviral infection. The B30.2
domain of this protein in rhesus macaques efficiently binds HIV-1 capsid and so protects cells from
infection. The molecular mechanism of this protection is unclear, and the wild type human TRIM5a
fails to protect us from HIV-1 infection but several variants of TRIM5a found in humans show a better
restriction and, most notably, when its B30.2 is mutated to mirror Rhesus TRIM5a, the human protein
becomes more stable and gains a significant restriction ability against HIV-1. These findings offer
therapeutic value to stabilizing human TRIM5a protein, and they also demonstrate one example of a
functionally significant B30.2 -mediated protein-protein interaction (Richardson et al., 2014, p. 5;

Stremlau et al., 2005).

Another remarkable example of B30.2 ligand function in human is that of Butyrophilin 3A1 (BTN3A1)
— a transmembrane protein with an intracellular B30.2, expressed by antigen-presenting cells. The y6
T cell subset recognises tumours and infected cells thanks to - among other things - small,
phosphorylated phenyl metabolites known as phospho-antigens. Several studies identify B30.2 of
BTN3A1 as the binding site for such phospho-antigens as HMBPP or IPP. The binding cavity within B30.2
specifically recognises phospho-antigens inside the cell, this binding leads to a conformational change
of B30.2 that goes beyond the molecular surface in the immediate vicinity of the binding pocket. This
signal is transduced along the BTN3A1 protein to the cell surface where it is sensed by y& T cells (Salim
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et al.,, 2017; Sandstrom et al., 2014). More recent studies describe dimerization of BTN3A1 with
BTN2A1 following B30.2 phospho-antigen binding, BTN2A1 being necessary to induce y& T cell
activation (Fig. 3.2) (Cano et al., 2021; Hsiao et al., 2022). This constitutes a first example of a non-

peptide B30.2 binding partner that plays a role in human innate immunity.

More recently, studies identified both single- and double-stranded RNA as binding partners for the
B30.2 of TRIM25 — an effector of the innate immune sensor RIG-1 with anti-viral activity. This
interaction apparently has direct consequences for TRIM25 function: it enhances its ubiquitination
activity and its ability to potentiate RIG-1 signalling. This highlights the diversity of the possible B30.2
ligands — from large and small peptides to non-peptide molecules - and the various implications that

this binding could have (Choudhury et al., 2017, p. 25; Sanchez et al., 2018).
3.2B30.2 in pyrin

B30.2 is the most C-terminal domain of the pyrin protein encoded by a single exon — exon 10. Several

studies have identified this domain as residues 577-780 or 580-780, with an N-terminal PRY sub-

Infected cell or
Ag-presenting cell

Bacteria

Parasite

Foreign
ﬁz phosphoantigen

{ Self phosphoantigen

Phosphoantigen-driven immune response:
/\ Non-phosphoantigen Cytokine production, cell killing

Figure 3.2 Role of BTN3A1 and BTN2A1 in phosphoantigen recognition by human T cells. (1) Foreign or self
phosphoantigen is specifically recognized by the intracellular B30.2 domain. (2) BTN3A1 and BTN2A1 dimerize on
the surface of the antigen-presenting cell, the complex is recognized by the TCR of the y& T cell. (3) y&T cell
activation is induced (adapted and modifed from Rigau et al, 2020 and Salim et al, 2017)
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domain and a C-terminal SPRY sub-domain. In a three-dimensional structure similar to other B30.2
domains, it takes the form of a compact B-barrel (37x35x31 A) with two anti-parallel six- and seven-
stranded B-sheets — this fold resembles a swiss roll, where the two B-sheets lay one on top of the other
connected with short helical loops. Additionally, one helix at the most N-terminal end of the domain
belonging to the PRY sub-domain is positioned perpendicularly to the seven-stranded B-sheet (Fig. 3.3)
(Weinert et al., 2009).

Residues involved in the helical loops and several of the B-strands that belong to both the SPRY and
the PRY sub-domains form a shallow cavity on the surface of pyrin B30.2. The three-dimensional
conformation of this cavity closely resembles that of other B30.2-carrying proteins: TRIM21 or RFPL1.
Considering this similarity, it is likely that B30.2 of pyrin, like that of TRIM21 or RFLP1, also has a ligand
that remains to be definitively identified. Interestingly, while TRIM21 and RFPL1 ligand binding is
ensured by ligand-specific hydrogen bonding within the central cavity, the residues that line the
binding cleft of pyrin have been replaced with hydrophobic amino acids. This change would necessarily
impact the type of ligand and the types of interactions that would form between the pyrin B30.2 and
its putative ligand (Weinert et al., 2009).

There is evidence in the field to support the
hypothesis that pyrin B30.2 functionally binds a yet
unknown ligand and several studies have aimed to
identify it. For example, Chae et al. demonstrated
that in THP-1 cells endogenous pyrin co-
immunoprecipitates with caspase-1. In a further

series of experiments (this time in PT67 cells

transfected to express the studied proteins), they (b)

elaborated on the nature of this interaction: it is ‘
direct (independent from the adaptor protein ASC); l '

it is mediated by the B30.2 domain of pyrin; and it is

oopo| |
hindered by the FMF-associated mutations within 3

the domain (Chae et al., 2006). Another study also I

finds direct interaction between pyrin B30.2 and pro- S

IL1b but does not observe the negative effect of the

B30.2 mutations (Papin et al., 2007). Figure 3.3 Ribbon (A) and topology (B) diagrams of

the pyrin B30.2 domain; the PRY sub-domain in red

The major limitation of Chae’s study consists in the . 1. sprRY sub-domain in green (adapted from

implemented experimental system where a murine weinert et al, 2009).
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embryonic fibroblast cell line which does not express ASC (PT67) serves as platform to transfect
variants of human pyrin and human caspase-1; the cells then apparently spontaneously release IL-13
48h post-transfection. Such a model fails to account for known differences in pyrin regulation and
function in mice and in humans: endogenous murine pyrin lacks the B30.2 domain and studies show
that introducing human wild-type pyrin in mice leads to an auto-inflammatory phenotype (Jae Jin Chae
et al., 2000). Moreover, this study predates the definitive identification of Pyrin activity as
inflammasome, which puts into question the pertinence of studying its interacting partners in a cell

line that lacks ASC.

A recent study identifies f2-microglobuline (B2MG) as a novel ligand for the B30.2 of pyrin. B2MG is a
small protein better known for being a part of the MHC-I complex, but it is also enclosed in the granules
of neutrophils. B2MG direct binding to pyrin B30.2 promotes ASC-speck formation within the cell
indicative of inflammasome activation (Samukawa et al., 2021). However, the physiological context or
mechanism of B2MG — pyrin interaction is unclear, and the authors do not investigate whether pyrin
activation by B2MG bypasses RhoA inhibition or how it overcomes other checkpoints of pyrin

activation.

Interestingly, in a study where the main focus was identifying the crystal structure of pyrin B30.2, the
authors report an ethylene glycol molecule lodged inside the binding cavity, but do not pursue a
deeper understanding of this interaction (Weinert et al., 2009). Ethylene glycol is a component of the
cryoprotectant, and although it could not be the endogenous ligand for B30.2, the finding supports the

possibility of a non-peptide binding partner for pyrin B30.2.

It is unclear how this putative interaction between pyrin B30.2 and a putative ligand plays into pyrin
function and how it relates to pyrin’s activity as a homeostasis-guarding inflammasome. It seems that
this interaction is key to regulate pyrin activity, since its disturbance by mutations located in B30.2

leads to the Pyrin inflammasome hyperactivation (Jamilloux et al., 2018).

Analysis of mutations found in FMF patients concludes that mutations associated with the most severe
presentation of FMF are, in fact, conservative mutations — meaning that the original amino acid is
replaced with one that has similar biochemical properties - located in two highly conserved regions of
exon 10 (Moradian et al., 2017). For instance, p.M680I, p.M694V and p.V726A linked with clinically
severe FMF are conservative substitutions positioned within these two regions. It is surprising that

conservative mutations impact the protein function but there could be an explanation for this.

In fact, most characterized pathogenic or likely pathogenic mutations in the pyrin protein that cause

FMF cluster within exon 10 encoding the B30.2 domain. The p.M694V mutation alone is responsible
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for 80% of clinical FMF cases. Weinert and colleagues demonstrate that most of these mutations are
located either directly inside the cavity, around its edges and within the hydrophobic core or on the
opposite side of the central cavity. Molecular modelling in silico shows that the two characteristic FMF
mutations (p.M694V and p.M680I1) would directly impact the interaction stability between pyrin B30.2
and caspase-1 (Arakelov et al.,, 2018a, 2015). Chae et al. also modelled the putative interaction
between B30.2 and caspase-1 and located the same two disease-causing mutations on the interface

between the two partners (Fig. 3.4).

Curiously, some of the FMF-causing mutations represent a reversal to an ancestral amino acid state:
the mutant residues can be found as wild type in Pyrin in other species, particularly in non-human
primates. This implies one of two things: either Pyrin binds the same ligand in different species and
the mutations qualitatively modulate its binding affinity — this would be similar to the TRIM5a affinity
for HIV capsid; or these mutations reflect the change in identity of this ligand or even the change of

function for Pyrin in different species (Philip Schaner et al., 2001).

The identity of the ligand for Pyrin B30.2 remains unknown with several of candidates suggested
throughout the literature, some more plausible than others. This interaction could be novel, not
present in other species, maybe not even in primates, or it could represent a conserved interaction for
which the stability is affected by the FMF-causing mutations. Given the diversity presented by the Pyrin
protein in mammals and even in primates, it would be important to validate its identity in primary
human samples. In any case, all evidence points to the existence of this ligand clearly instrumental to
normal Pyrin function and its identification would shed light on much of what remains poorly

understood about the Pyrin inflammasome.

Figure 3.4 An in silico generated model for the interaction of pyrin B30.2 domain (blue) and caspase-1 (p10 in
brown and p-20 in green); the residues often mutated in FMF — M680 and M694 are located within the putative
binding interface (adapted from Chae et al, 2006).
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4. Pyrin inflammasome regulation
4.1 Physiological triggers of pyrin

Pyrin is expressed in neutrophils, monocytes and macrophages (Fig. 4.1). This restrictive pattern of
expression reflects the role of pyrin in innate immunity and enables it to rapidly respond to infections.
Pyrin expression can be up-regulated by LPS, IFNa, IFNy and TNF, and inhibited by TGFp, IL-4 and IL-10
(Centola et al., 2000; Cornut et al., 2020; Grandemange et al., 2011). In 2014, pyrin was first described
as a sensor of bacterial toxins and effectors that inhibit RhoA GTPases. Xu and colleagues
demonstrated that pyrin inflammasome activation is triggered by Clostridium difficile toxin TcdB. More
specifically, TcdB and several other bacterial toxins and effectors (C. difficile toxin TcdA, C. botulinum
toxin C3, Y. pestis effectors YopE and YopT, to name a few) target small Rho-GTPases (RhoA, RhoB and
RhoC) and inactivate them. Rho inhibition is sensed by the pyrin inflammasome and triggers its
activation. Rho-GTPases constantly switch between the two states: Rho-GDP (“off”-state) and Rho-
GTP (“on”-state). Pyrin is triggered when the equilibrium between the two states is significantly shifted
towards the “off”-state (Park et al., 2016a). Interestingly, the threshold of pyrin activation is lower in
FMF: smaller doses of TcdA (and so, lesser RhoA inhibition) triggers pyrin inflammasome activation in

monocytes of FMF-patients (Jamilloux et al., 2018).
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Figure 4.1 Expression level of the MEFV gene in transcripts per million within the cohort of donors studied. Cell
types are sorted based on the median expression level within the cohort from highest to lowest. Data extracted

from DICE (Database of Immune Cell Expresion)
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Pyrin does not directly interact with Rho-GTPases. Rather, it senses downstream modifications of the
activity of Rho effectors, such as PKN1/2 protein kinases (Malik and Bliska, 2020; Xu et al., 2014). Such
indirect sensing of pathogen activity within the cell sets pyrin aside among inflammasome sensors as

a guard of cell homeostasis rather than a direct sensor of specific molecules/PAMPs.

In addition to triggers of bacterial origin, several other molecules have been described as pyrin
activators. First, bile acid analogues activate pyrin inflammasome and induce both IL-18 secretion and
cell death in human cells (Alimov et al., 2019). BAA473 and BAA485 used by Alimov and colleagues are
synthetic molecules but similar molecules could be by-products of the microbiome. However, the
mechanism of pyrin activation by bile acid analogues is unclear: the question remains whether these
molecules inhibit RhoA activity, or act by direct binding to pyrin or in some other fashion. More
recently, a small protein B,-microglobulin (B2MG) has been identified as an activator of the pyrin
inflammasome through direct interaction with pyrin, although the physiological context of this

interaction remains to be identified (Samukawa et al., 2021).

Pyrin is also activated by several molecules that alter the cell homeostasis. Anisomycin is an antibiotic
that hampers protein synthesis by causing ribotoxic stress in the cell, and anisomycin has been
described to cause pyrin inflammasome activation (Yu et al., 2013). This phenomenon is mediated by
p38 MAPK, a known sensor of stress on a molecular level. Colchicine, an inhibitor of microtubule
polymerisation, inhibits pyrin activation by anisomycin which suggests that microtubule dynamics are
involved in the mechanism. Additionally, pyrin inflammasome is activated by simvastatin through a

mechanism that likely relies on pyrin sensing of RhoA activity (Park et al., 2016).
4.2 Negative regulation of pyrin

Inflammasome activation is a potent pro-inflammatory mechanism and so it is stringently regulated in
order to avoid inappropriate immune response. The inhibition of pyrin at steady state is ensured by
several regulatory mechanisms. In a study seminal to pyrin inflammasome research, it was
demonstrated that pyrin is inhibited by phosphorylation at two sites — S242 and S208 in humans and
S241 and S205 in mice (Gao et al., 2016). This phosphorylation is enacted by protein kinase C (PKC)
superfamily kinases PKN1 and PKN2, which are themselves effectors of RhoA. Additionally, chaperone
protein 14-3-3 binds pyrin when it is phosphorylated, its binding site being pyrin phosphorylation sites
S242 and S208C.

To counter pyrin sensing of RhoA inhibition, Yersinia pestis has developed a mechanism of immune
evasion specifically to prevent pyrin activation. One of its effectors, YopM, hijacks host kinases RSK
and PKN1/2, effectors of RhoA, and induces pyrin phosphorylation. This preserves negative regulation

of pyrin and allows Y. pestis to remain unnoticed by the host immune system, while Y. pestis mutant
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strain lacking YopM is rapidly detected and eliminated. Curiously, pyrin carrying FMF-associated
mutations is less susceptible to YopM inhibition and provides protection against Y. pestis infection

(LaRock and Cookson, 2012; Park et al., 2020).

Another mechanism of negative regulation of pyrin was suggested by Yu and colleagues who
demonstrated that pyrin exists in the cell in the form of a homotrimer, inhibited by the intra-molecular
binding of the PYD domain and the B-box domain (J.-W. Yu et al., 2007). The masking of PYD prevents
it from interacting with ASC to form the inflammasome complex. This negative control check point is
alleviated when proline serine threonine phosphatase-interacting protein 1 (PSTPIP1) binds to pyrin B-
box domain which liberates the PYD rending it available for oligomerisation with ASC. Yet, the

physiological role of PSTPIP1 remains unclear.

Pyrin itself is a substrate of caspase-1. The cleavage of pyrin by caspase-1 at the Asp330 residue yields
a protein fragment of approximately 50 kDa. According to one study, this cleaved product is

translocated to the cell nucleus where it activates the NF-kp pathway (Chae et al., 2008).

Finally, the B30.2 domain of pyrin may be an auto-inhibitory domain. A significant proportion of FMF-
causing mutations and all founder FMF mutations are located in exon 10 of the MEFV gene encoding
the B30.2 domain of pyrin. These mutations are gain-of-function mutations and lead to pyrin being

more easily activated or activated without apparent trigger.
4.3 Pyrin inflammasome activation

Pyrin dephosphorylation is required for the inflammasome activation. It has long been suspected that
pyrin dephosphorylation is an active process. Recently phosphoprotein phosphatase 2A (PP2A) has
been identified as the phosphatase implicated in pyrin regulation by the Bliska lab in collaboration with

our team (Malik et al., 2022). It likely that the phosphorylation status of pyrin is dynamic.

When RhoA is inhibited, it no longer activates its effectors — PKN1/2 among them. The inhibition of
PKN1/2 allows the dynamic equilibrium between phosphorylated and not phosphorylated pyrin to

shift towards the dephosphorylated form of pyrin.

Dephosphorylation of pyrin is necessary for its activation but is not sufficient. There is additional
regulation of pyrin likely exerted by microtubule dynamics of the cell. This is supported by the fact that
microtubule polymerisation-inhibiting drugs prevent pyrin activation downstream of its
dephosphorylation. Accordingly, one such drug, colchicine, is the main treatment for FMF (Gao et al.,
2016; Goldfinger, 1972; Magnotti et al., 2019; Mansfield et al., 2001). Pyrin inflammasome activation
is also dependent on dynein ATPase and dynein adapter HDAC6 (Magupalli et al., 2020). However,

other regulatory mechanisms may also be in place (Fig. 4.2).
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Interestingly, while wild-type pyrin remains inactive when dephosphorylated with a PKC superfamily
inhibitor, pyrin carrying FMF-associated mutations activates caspase-1 when dephosphorylated. This
indicates that whatever the nature of pyrin regulation other than its phosphorylation, it is abrogated
by FMF-associated mutations (Magnotti et al., 2019). Since FMF-associated mutations cluster in the

B30.2 domain of pyrin, it is likely that B30.2 is directly implicated in the negative regulation of pyrin.
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5. Familial Mediterranean Fever
5.1 Familial Mediterranean Fever: the disease

Familial Mediterranean fever (FMF) is an ancient genetic disease - the pathogenic variants have likely
emerged in the human genome more than 1800 years ago (Park et al., 2020). In 1997 missense
mutations in the MEditerranean FeVer (MEFV) gene were identified as the origin of FMF by two
independently working groups (The French FMF Consortium et al., 1997; The International FMF
Consortium, 1997). FMF-causing mutations alter the MEFV-encoded protein - pyrin - function by

lowering its activation threshold (Jamilloux et al., 2018).

Today, FMF is the most common monogenic autoinflammatory disease characterized by bouts of fever
and peritonitis experienced by 90% of patients, but also pleuritis accompanied by myalgia and
arthralgia (Fig. 5.1). Attacks typically last from 12 hours to 3 days and can occur as often as once a
week or as rarely as several times a year. The severity of attacks, their frequency, and the quality of
life of FMF patients vary depending on the disease-causing mutation (or several mutations), and in
some cases on the origin of the patient. It is unclear whether the origin of the patient plays a role due
to environmental and life-style factors or simply because different mutations are more prevalent in
different populations (Ben-Chetrit and Touitou, 2009). The onset of FMF usually occurs in childhood
or adolescence with up to 90% of FMF patients manifesting disease before they reach the age of 20

(Tufan and Lachmann, 2020).

MAJOR SYMPTOMS OTHER MANIFESTATIONS
Fever w‘z
Pleuritis

e 8

Steril peritonitis Pericarditis

Amyloidosis

Arthritis / arthralgia . Fabrile myalgia

Figure 5.1 Most common clinical manifestations of Familial Mediterranean Fever.
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FMF is particularly prevalent in the Mediterranean basin among the non-Ashkenazi Jews, Turks,
Armenians and Moroccans, although FMF also occurs in people who are not of Mediterranean origin.
The prevalence of FMF is highest in Turkey where it is estimated to be between 1:400 and 1:1000,
followed by Armenia (1:500). The carrier rate of a pathogenic MEFV variant in these endemic areas

can be as high as 1/5 (Ben-Chetrit and Touitou, 2009).

FMF is characterized by autosomal recessive inheritance with the 5 most common mutations being
p.M694V, p.M694I1, p.M680I, p.V726A located in exon 10 of the MEFV gene and p.E148Q located in
exon 2. Dominant inheritance of FMF has also been recorded for certain variants such as p.P373L,
p.H478Y or p.T557N and p.T557A, or in cases of founder mutations being inherited within complex
alleles (Rowczenio et al., 2020). To date, 390 mutations have been identified within the MEFV gene in
FMF patients and listed in the INFEVERS database. Most of these mutations are variants of unknown
significance (VUS), some are characterized as likely benign, and some are (likely) pathogenic. A
significant proportion of MEFV mutations linked to FMF are located in exons 2 and 10, which suggests
that pyrin domains encoded by these exons play an important role in pyrin regulation (Fig. 5.2). It
should be noted that not all MEFV exons are routinely sequenced in FMF patients, and in 10-20% of
patients receiving a clinical diagnosis of FMF, no MEFV mutation is detected (Tufan and Lachmann,

2020).
5.2 FMF: diagnosis, treatment and prognosis

In countries where FMF is prevalent, the diagnosis is made on the basis of family history, clinical
presentation and response to colchicine (the gold standard treatment for FMF). Genetic confirmation
is warranted in cases of atypical presentation or in the absence of Mediterranean origin of the patient.
The set of diagnostic criteria for FMF are known as the Tel Hashomer criteria (Table 5.1) and were

established in 1997 by Livneh (Livneh et al., 1997).
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Figure 5.2 Distribution of mutations listed in the Infevers database within the coding region of the MEFV gene
across exons.
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Colchicine was introduced as the routine treatment for FMF in 1972 (Goldfinger, 1972). Colchicine acts
by inhibiting microtubule polymerisation, and by inhibiting neutrophil recruitment overall resulting in
an anti-inflammatory effect (Dinarello et al., 1976). In the context of FMF, colchicine is prescribed as a
lifetime treatment with daily administration. Colchicine helps manage FMF attacks and, importantly,
it prevents the development of AA amyloidosis which is the most serious complication of FMF. Serum
amyloid A (SAA) protein normally circulates in the blood in a soluble form but during inflammation its
concentration is signiticantly higher than normal which leads to the formation of insoluble aggregates.
AA amyloidosis results from the accumulation of SAA protein aggregates in the kidneys which can lead
to the need for renal replacement therapy (dialysis or kidney transplantation) and eventually be fatal.
Before the routine introduction of colchicine for FMF, up to 60% of FMF patients in Turkey suffered
from amyloidosis (Pras et al., 1982). Today it is a much rarer complication occurring in patients with
significantly delayed diagnosis. Side effects from daily colchicine include diarrhea, elevation in
transaminases, leukopenia and neuromuscular toxicity. Almost 1/5 of patients are unable to maintain
optimal doses of the drug (Tufan and Lachmann, 2020). Some alternative treatments exist for FMF
patients who are colchicine-intolerant or -resistant: IL-1 antagonists, most often anakinra or

canakinumab.

5.3 FMF: triggers of attacks

Criteria type Attack
Major criteria Typical attacks:

1. Generalised peritonitis
Unilateral pleuritis or pericarditis

Monoarthritic or hip, knee or ankle

PP

Fever alone
5. Incomplete abdominal attack
Minor criteria Incomplete attacks involving one or more of the following:
1. Pleuritis or pericarditis
2. Monoarthritic or hip, knee or ankle
3. Exertional leg pain
4. Favourable response to colchicine

A diagnosis of FMF is reached if the patient has = 1 major criterion, or = 2 minor criteria. A typical FMF attack
is defined as = 3 episodes lasting 12 -72 hours, each of the same type, with fever or 38°C or more. An attack
may be considered “ incomplete” if it differs from the definition of a typical attack in only one or two of the
following features: a) temperature less than 38°C, b) attacks duration of 6 hours to 1 week, c) no signs of
peritonitis during an abdominal attack, or signs are localised, d) atypical distribution of arthritis. Attacks not
fulfilling these specific criteria are not counted towards a diagnosis of FMF. Adapted from Livneh et al, 1997.

Table 5.1. Tel Hashomer criteria as adapted from Livneh et al, 1997.
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No definitive mechanism has been established to explain the onset of FMF attacks in patients although
several studies have investigated the factors may trigger the disease spells. The triggers most often
reported include cold exposure, emotional or physical stress and tiredness. Muscular manifestations
(myalgia) accompanying bouts of FMF are associated with physically enduring events such as long
travel or long-term standing (Karadag et al., 2013). Physical trauma or infections are sometimes also

associated with FMF attacks.

In women, a significant proportion of patients reports that their FMF attacks precede menstruation
(33%-53%) and in some women these attacks are exclusively perimenstrual (7%) (Akar et al., 2006;
Ben-Chetrit and Ben-Chetrit, 2001; Karadag et al., 2013; Kishida et al., 2020). Notably, women are able
to differentiate dysmenorrhea from FMF attacks. The pregnancy experience in women with FMF is
varied: some go through a complete symptomatic remission, some see no difference in terms of FMF
and some experience more attacks or more severe attacks during pregnancy (Ben-Chetrit and Levy,

2003).

One possible explanation for the menstruation cycle-associated FMF attacks is the effect of oestrogen.
Oestrogen can inhibit tubulin assembly using a site similar to that used by colchicine (Chaudoreille et
al., 1991). Oestrogen level drops significantly preceding menstruation, possibly leading to a lesser
inhibition of microtubule polymerisation and so less efficient control of FMF (Ben-Chetrit and Levy,
2003). That considered, men and women seem to be equally susceptible to FMF and require equal
doses of colchicine for disease management. If oestrogen had a protective effect in the context of FMF,
women would experience fewer or no FMF attacks after puberty or during the luteal phase of their
menstrual cycle when oestrogen reaches its highest level. More studies are required to understand

the link between menstrual cycle and FMF manifestations in women.
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6. Other disorders that implicate the pyrin inflammasome

FMF might be the most common disease implicating pyrin inflammasome, but it is not the only one.
Abnormal pyrin inflammasome activation underlies several other autoinflammatory disorders. Some
of these diseases are caused by specific mutations of the MEFV gene, like PAAND, others are caused
by mutations in other genes, but their pathogenesis is ultimately due to aberrant activation of the

pyrin inflammasome. This section contains descriptions of several of such disorders.
6.1 PAAND

Like FMF, pyrin-associated autoinflammation with neutrophilic dermatosis (PAAND) is caused by gain-
of-function mutations in the MEFV gene. PAAND pathology is due to spontaneous and excessive
activation of the pyrin inflammasome. PAAND was first identified in 2016, to this day there is only a
handful of known families suffering from PAAND (Masters et al., 2016; Van Nieuwenhove et al., 2021).

The distinction between FMF and PAAND comes from several factors.

First, FMF is caused by MEFV mutations that mostly cluster within exon 10 (encoding the B30.2 domain
of pyrin). PAAND, on the other hand, is caused by MEFV mutations within exon 2. On the molecular
level, PAAND is caused by the decrease of phosphorylation of pyrin due to mutations that impact
phosphorylation sites directly (p.S242R and p.S208C), or due to diminished interaction with the
chaperone protein 14-3-3 in the case of the p.E244K mutation, which also leads to spontaneous

activation of the pyrin inflammasome.

Until recently, PAAND was described as a dominantly inherited disorder. In 2020, a patient in Japan
was diagnosed with PAAND, genetic analysis showed that they carried the p.S242R and p.E148Q
mutations, while the patient’s mother was an asymptomatic heterozygous carrier of the p.5S242R
mutation. In addition, PAAND is reported to be an autosomal recessive disease in the case of p.5242G
and p.S208T mutations (Vahidnezhad et al., 2021; Van Nieuwenhove et al., 2021). These observations
cast doubt over the dominant inheritance of PAAND and suggest that depending on the mutations,
PAAND might be an autosomal recessive disease or an autosomal dominant disease with variable

penetrance.

FMF and PAAND have somewhat different clinical presentation. While patients with both disorders
present with attacks of fever, joint and muscle pain, PAAND attacks are longer (sometimes lasting
several weeks), and they are not accompanied by pleuritis or peritonitis (Masters et al., 2016;
Moghaddas et al., 2017). Amyloidosis is not typical for PAAND, although at least one such case has
been described (Kiyota et al., 2020). Importantly, patients suffering from PAAND develop marked

cutaneous manifestations such as sterile neutrophilic dermatosis, acne, and pyoderma gangrenosum.
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Currently, there is no consensus on the best strategy for PAAND management, but anti-IL-1p and anti-
TNF treatments are used, colchicine in combination with low dose prednisolone has also been
described to help manage PAAND symptoms (Moghaddas et al., 2017; Vahidnezhad et al., 2021; Van

Nieuwenhove et al., 2021).
6.2 PAPA

Pyogenic sterile arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome is a dominantly
inherited autoinflammatory disease characterized by recurrent inflammatory episodes. Pathogenicity
of PAPA syndrome is mediated by granulocytes with neutrophil rich effusions of the joints, cystic acne,

and sterile abscesses (Lindor et al., 1997; Wise et al., 2002).

PAPA syndrome is caused by mutations in the proline-serine-threonine phosphatase interacting
protein 1 (PSTPIP1) gene. PSTPIP1 is involved in cytoskeletal organization. PSTPIP1 has also been
described to bind the B-Box domain of pyrin, thereby unmasking the PYD domain and inducing pyrin
inflammasome activation. PAPA-causing PSTPIP1 mutations - p.A230T, p.E250Q, and p.E250K — result
in increased phosphorylation of PSTPIP1 which promotes its binding to pyrin and more potent
inflammasome activation (Demidowich et al., 2012; Lindwall et al., 2015; Shoham et al., 2003; J.-W. Yu
et al., 2007). Therefore, PAPA syndrome is another auto-inflammatory disease mediated by excessive

pyrin inflammasome activation, even if the disease-causing mutation does not impact pyrin itself.

PAPA pathology is mediated by high levels of pro-inflammatory cytokines. Although, there is no
established standard treatment for this disease, studies describe anakinra targeting IL-1 and infliximab
targeting TNF being effective in some patients. Otherwise, corticosteroid or cyclosporine alone or in
combination with biological treatments are used to manage symptoms (Demidowich et al., 2012;

Dierselhuis et al., 2005; Stichweh et al., 2005).
6.3 MKD

Mevalonate kinase-associated disease (MKD) is a monogenic recessive auto-inflammatory disorder
characterized by attacks of fever and articular symptoms such as joint pain and joint swelling
accompanied by an increase in pro-inflammatory cytokines, such as IL-1pB, in the serum. Additionally,
patients experience abdominal pain, skin lesions and in cases of delayed diagnosis and poor
management of symptoms, patients suffering from MKD may develop amyloidosis. MKD episodes last
from 4 to 7 days and occur every 4 to 6 weeks, although disease manifestations may vary between
patients. Today, MKD is perceived as a spectrum with milder presentations known as
hyperimmunoglobulinemia D syndrome (HIDS) and more severe manifestations known as mevalonic

aciduria (MA) (Akula et al., 2016; Normand et al., 2009).
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The genetic cause of MKD are loss of function mutations of the mevalonate kinase gene (MVK). MVK
is an enzyme involved in cell metabolism, namely, MVK phosphorylates mevalonic acid, which
constitutes an early step in the biosynthesis of isoprenoids. This pathway provides the cell with some
important metabolites such as isoprenyl groups and cholesterol (Drenth et al., 1999; Mandey et al.,

2006).

The first step on the way to understanding the pathology of MKD was the finding that the increase in
IL-1 B was driven by the shortage of geranylgeranyl pyrophosphate (GGpp) in the cell and not by the
accumulation of mevalonic acid as was previously believed (Mandey et al., 2006). GGpp is the substrate
of a particular post-translational modification known as geranylgeranylation that is required for the
membrane targeting and the activity of certain proteins displaying a C-terminal CAAX motif. For
instance, RhoA geranylgeranylation is required for its recruitment to the cell membrane which allows

its GTPase activity.

Today, MKD is recognized as another disorder that impacts pyrin inflammasome pathway. MVK
deficiency in MKD leads to defective geranylgeranylation of RhoA which impedes its recruitment to
the cell membrane and, therefore, its activity. RhoA inhibition is then sensed by pyrin and induces

inflammasome activation and release of pro-inflammatory cytokines (Park et al., 2016).

Interestingly, while colchicine is an effective treatment for FMF which is also mediated by excessive
activation of the pyrin inflammasome, colchicine is ineffective for patients with MKD (Park et al., 2016).
Instead, corticosteroids have been used for MKD with good efficacy, also anti-IL-13 and anti-TNF help
manage MKD symptoms with variable success depending on individual responses in patients. Of note,
one paper suggests that the lack of protein prenylation in MKD patients monocytes promotes NLRP3
inflammasome rather than pyrin inflammasome activation (Skinner et al., 2019). This controversy

remains to be solved but may also explain the poor efficacy of colchicine in these patients.
6.4 PFIT

Periodic fever, immunodeficiency, and thrombocytopenia (PFIT) is an autoinflammatory disease
caused by mutations in the actin-interacting WD repeat-containing protein 1-encoding gene (WDR1).
Patients with PFIT present with episodes of recurrent fever with high serum IL-18, accompanied by
high susceptibility to infections and thrombocytopenia (Kile et al., 2007; Rodal et al., 1999; Standing et
al., 2017).

In mice, complete deletion of the WDR1 gene is lethal, but hypermorphic mutations lead to an
autoinflammatory condition similar to PFIT. WDR1 acts in complex with cofilin and together they play

an important role in actin filament depolymerization. Mutations in WDR1 severely impact neutrophil

45



function and development, and result in high serum IL-18 and significant infiltration of neutrophils in
inflammatory lesions (Kile et al., 2007). Several studies describe WDR1 aggregation with pyrin,
enhanced by WDR1 mutations. It is hypothesized that this interaction causes increased activation of
the pyrin inflammasome, as evidenced by caspase-1 cleavage and activation, and underlies PFIT
pathology (Kim et al., 2015; Standing et al., 2017). Considering that pyrin interacts with actin filaments
and that PFIT pathology is mediated by elevated serum IL-18, PFIT is a yet another auto-inflammatory

disorder in the pyrin inflammasome pathway (Waite et al., 2009).

Like with other rare auto-inflammatory disorders mentioned before, there is no standard treatment
for PFIT. Patients are treated with corticosteroids and anti-inflammatory biologicals with variable

efficacy (Standing et al., 2017).

6.5 Aberrant CDC42 function and pyrin activation

Excessive activation of pyrin inflammasome has been implicated in a recently identified neonatal-onset
autoinflammation caused by specific variants of cell division control protein 42 homolog (CDC42).
Several variants of CDC42 — CDCA42R186C CDC42¢188Y and CDC42"192¢"24_ |ead to severe inflammation
characterized by fever, skin rash and elevated inflammatory markers like high IL-18 and IL-1 in serum

(Lam et al., 2019).

The role of aberrant inflammasome activation in pathogenesis of this new syndrome was suspected
namely because of high effectiveness of IL-1B blocking drugs in symptoms management (Gernez et al.,
2019). Examination of induced-pluripotent stem cell-derived myeloid cell line (iPS-MLs) established
from patients with this syndrome revealed the mechanism behind the disease (Nishitani-Isa et al.,
2022). First, iPS-ML derived from one of the patients produced higher levels of IL-18 and IL-1B in
response to TcdA, a physiological pyrin trigger, than to nigericin or flagellin, suggesting an

hyperactivation of the pyrin inflammasome.

While the GTPase activity of CDC42R¥¢C is normal, its subcellular localization is altered compared to
the WT CDC42: the disease-causing variants of CDC42 are retained in the Golgi apparatus. In fact,
retention in the Golgi apparatus is the common feature among the disease-causing variants of CDC42.
The anchoring of CDC42 at the Golgi is the result of abnormal CDC42 palmitoylation (Bekhouche et al.,
2020). It appears that this irregularity is sensed specifically by the pyrin inflammasome, although the

molecular mechanism of the sensing is unclear.
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7. Steroids and immunity

Apparently spontaneous pyrin inflammasome activation lies behind FMF attacks in patients. This
activation is likely the result of a combination of factors, but the specific triggers of disease spells
remain a subject of interest for clinicians and researchers alike. Between a third and a half of women
diagnosed with FMF experience peri-menstrual attacks of FMF. This along with results obtained by our
group that are presented further in this manuscript leads us to suspect that steroid sex hormones may

play a role in pyrin inflammasome regulation and activation.
7.1 Steroid hormones

Steroid hormones are produced from cholesterol in a process of biosynthesis known as steroidogenesis
(Fig. 7.1). Steroidogenesis can occur within specific organs such as adrenal glands, gonads or the
placenta. This is known as glandular steroidogenesis. Additionally, local steroidogenesis (or extra-
glandular steroidogenesis) can take place at various sites like the brain, the skin, or the mucosa (Fig.

7.2) (Chakraborty et al., 2021).

The two limiting steps of steroidogenesis are the transport of cholesterol into the mitochondria, and
conversion of cholesterol into pregnenolone. Pregnenolone is then converted into other steroids
either in the mitochondria or in the endoplasmic reticulum (ER). The end-product of steroidogenesis

depends on the enzymes expressed and present at the site of steroidogenesis.

Steroid hormones can be divided into five groups: glucocorticoids, mineralocorticoids, androgens,
oestrogens and progestogens. The last three are also known as sex hormones or gonadocorticoids.
Steroid hormones fulfil a large spectrum of functions in the human body ranging from regulation of

metabolism, development of sexual characteristics, salt and water balance in the body, and regulation
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Figure 7.1 Overview of the steroid biosynthesis Lathway (adapted from Chakrabotry et al, 2021).
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of the immune function and the immune response (Chakraborty et al., 2021; Frye, 2009; Funder et al.,

1997).

Steroid hormones trigger transcriptional modifications in target cells by binding to steroid hormone
receptors (SHR). SHRs are ligand-activated transcriptional factors expressed in most tissues, which
reside either in the cell cytoplasm or the nucleus. Once an SHR binds its ligand, it becomes activated
and migrates to the nucleus where it can bind DNA and recruit more coactivators able to remodel
chromatin and modulate expression of specific genes (Boonyaratanakornkit and Edwards, 2007; Cato
et al., 2002). Transport of the SHR to the nucleus can take 30-60 minutes, therefore genomic action of

steroid hormones takes time.

Alternatively, steroid hormones can also produce rapid non-genomic effects. In this case the effect
produced by the steroid can be observed within seconds or minutes following steroid treatment and
it not affected by RNA inhibition or inhibition of protein synthesis. Non-genomic action of steroids can
be mediated by SHRs, but steroids have also been described to transiently interact with membrane
associated proteins, protein kinases and membrane ion channels. Among the non-genomic actions of
steroids are activation of MAPK pathway, activation of G proteins or adenylyl cyclase, and modulation

of intracellular Ca?* (Foradori et al., 2008; Guo et al., 2002).

The effects of steroids on the immune functions are discussed in this chapter.

7.2 Pro-inflammatory properties of steroids

Pro-inflammatory properties of steroid hormones and their derivatives have been known for decades.
In 1960 the pyrogenic effects of etiocholanolone (3a-hydroxyetiocholane-17-one) were first described
(Kappas et al., 1960, 1957). Etiocholanolone is a product of testosterone catabolism. Etiocholanolone
was the first substance of known chemical structure and physiologic origin to have a consistent
pyrogenic effect in humans. Shortly afterwards the same group of researchers have identified
pregnanolone (3a-hydroxy-5B-pregnan-20-one) as an even more potent pyrogen. Researchers have
observed that intra-muscular or intra-venous injection of certain steroid hormone derivatives
provoked a rise of body temperature by up to 2°C, while other steroid hormone derivatives caused no
such reaction. Of note, the subjects of this study were a small group of adult men and women. The
phenomenon was termed “steroid fever” (Fig. 7.3) (Bodel and Dillard, 1968; Kappas et al., 1961). The
precise mechanism of the pyrogenic effect of steroids is unclear to this day although recent findings

published by our group strongly suggest that it involves pyrin inflammasome (Magnotti et al, 2022).
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Figure 7.3 Monitoring of rectal temperature following intra-venous administration of etiocholanolone or

pregnanolone in human volunteers (adapted from Kappas et al, 1960)

Interestingly, the fever-producing properties of steroid hormone derivatives are species-specific. One
study compared the pyrogenic potency of etiocholanolone in New and Old World monkeys. After the
injection of etiocholanolone Rhesus monkeys (Old World monkeys) exhibited a rise of roughly 2°C in
their rectal temperature. In contrast, Squirrel monkeys (New World monkeys) exhibited no rise in
rectal temperature over the 24-hours after injection (Steinetz et al., 1998). Also, no pyrogenic effect
of etiocholanolone was observed in rabbits, mice and rats (Bodel and Dillard, 1968; Kappas et al., 1957,

Kappas and Ratkovits, 1960; Palmer et al., 1961).

Cyclic fluctuations of several sex hormones in women provide a platform for observation of their
effects on other systems within the human body. The rise in basal body temperature during the luteal
phase of the menstrual cycle is associated with a rise of progesterone (Fig. 7.4) (Baker et al., 2020).
This phenomenon is reliable enough that it is routinely used by medical practitioners and women in
the private setting to track ovulatory and menstrual cycles. It is of note, that in animals with
anovulatory cycles without a periodic rise of progesterone, no rise of basal temperature is observed,
although the opposite is not always true (Baker et al., 2020; Chen and Penning, 2014; Dinarello et al.,
1976).
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Data from 10 women with ovulatory menstrual cycles (adapted from Baker et al, 2020).
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Spontaneous term labour is known as a state of sterile inflammation, characterized by an increase in
pro-inflammatory cytokines and a recruitment of immune cells into the cervix and myometrium. This
process is thought to be at least partially mediated by inflammasomes, as evidenced by the presence
of caspase-1 and IL-1B in the amniotic fluid in women who experience spontaneous labour at term
(Romero et al., 2018). The importance of IL-1f in labour is also confirmed in mice, although caspase-1
or IL-1 knock-out mice show no anomaly around labour (Romero et al., 1991). Keeping in mind that
a drop in progesterone and a surge in steroid hormone metabolites is a metabolic feature predictive
of spontaneous labour, it is tempting to speculate that there could be a link between the two events

(Stelzer et al., 2021).
7.3 Anti-inflammatory properties of steroids

Anti-inflammatory properties of glucocorticoids are well-known. Cortisone and prednisolone are
glucocorticoids widely used as immunosuppressants for the management of asthma and rheumatoid
arthritis, for treatment of allergic reactions, and as mentioned in a previous chapter, for topic
inflammatory manifestations such as eczema or pyoderma gangrenosum (Shimba et al., 2021).
Glucocorticoid treatment appears to impair the phagocytic activity of macrophages by inhibiting
expression of phagocytosis-related genes and renders subjects more susceptible to intracellular
bacterial infections such as those with Mycobacterium tuberculosis or Salmonella typhimurium (Xie et
al., 2021). Other mechanisms of glucocorticoid-induced immune suppression could involve inhibition
of the NF-kB pathway, or interference with the MAPK pathway (Ayroldi et al., 2012; Coutinho and
Chapman, 2011; Johansson-Haque et al., 2008).

There is also evidence suggesting that sex steroid hormones could have anti-inflammatory properties.
Since the 1930’s there is recorded evidence that pregnancy, associated with a high level of
progesterone in the serum, provides an alleviation of rheumatoid arthritis (RA) symptoms (Cutolo and
Straub, 2020). People with a genetic predisposition to produce more androgens, are less susceptible

to RA highlighting immunosuppressive properties of androgens (Kim and Kim, 2020; Stark et al., 2015).

On a cellular level, increasing concentrations of progesterone and oestradiol lead to a decrease in IL-
1B secretion by LPS-stimulated macrophages (Polan et al., 1989). In a study of macrophages extracted
from the synovial fluid of people suffering from RA, testosterone reduced IL-1 production by almost

a third in all five studied patient samples regardless of their sex (Fig. 7.5) (Cutolo et al., 1995).

The effect of steroids on the immune system appears to be dependent on the context, the organ, or
the cell type in question. Given that IL-1B secretion is often modulated (whether up or down) in

response to steroid treatment, it is likely that there is a functional link between steroids and the
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inflammasomes in humans. It remains to be elucidated whether inflammasomes are involved in steroid

sensing or how steroids regulate the inflammasome activation.
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Results. Part 1

Context

The first part of the Results section consists of a scientific article accepted for publication in Cell

Reports (article in press). A version of it is available on BioRxiv.

Our objective was to better understand the nature of the second step of pyrin regulation. We
performed a chemical screen on U937 monocytes with a constitutively activated first step (constitutive
dephosphorylation) that revealed novel activators of the pyrin inflammasome. Steroid hormone
derivatives — etiocholanolone and pregnanolone — activated pyrin inflammasome in a B30.2-
dependent manner and without inhibition of RhoA. Thus, we identified a novel non-canonical

mechanism of pyrin activation.
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Abstract

The pyrin inflammasome acts as a guard of RhoA GTPases and is central to immune defences against
RhoA-manipulating pathogens. Pyrin activation proceeds in two steps. Yet, the second step is still
poorly understood. Using cells constitutively activated for the pyrin step 1, a chemical screen identifies
etiocholanolone and pregnanolone, two catabolites of testosterone and progesterone, acting at low
concentrations as specific step-2 activators. High concentrations of these metabolites fully and rapidly
activate pyrin, in a human-specific, B30.2 domain-dependent manner and without inhibiting RhoA.
Mutations in MEFV, encoding pyrin, cause two distinct autoinflammatory diseases (PAAND and FMF).
Monocytes from PAAND patients, and to a lower extent from FMF patients, display increased
responses to these metabolites. This study identifies an unconventional pyrin activation mechanism,
indicates that endogenous steroid catabolites can drive autoinflammation, through the pyrin
inflammasome, and explains the "steroid fever" described in the late 1950s, upon steroid injection in

humans.
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Introduction

Inflammasomes are innate immune complexes that contribute to antimicrobial responses (Broz and
Monack, 2011) but can also be deleterious in various chronic autoinflammatory conditions (Peckham
et al., 2017). Inflammasome activation results in activation of the inflammatory caspase-1, cleavage of
the pore forming protein GasderminD (GSDMD) that triggers a fast cell death, termed pyroptosis, and
release of the inflammatory cytokines IL-1B and IL-18. Inflammasome sensors can act as direct
pathogen-associated molecular pattern (PAMPs) receptors but have also evolved more general sensing
mechanisms allowing them to be activated in response to damage-associated molecular patterns
(DAMPs) or to homeostasis-altering molecular processes (HAMPs) (Liston and Masters, 2017).
Furthermore, the NLRP3 inflammasome is regulated by several metabolites (Hughes and O’Neill,

2018). Whether metabolites regulate other inflammasome sensors is currently unknown.

Pyrin is an inflammasome sensor acting as a guard of Rho GTPases activity (Xu et al., 2014). Bacterial
toxins (e.g. Clostridioides difficile toxins A and B (TcdA/B)) or bacterial effectors (e.g. Yersinia YopE/T
(Chung et al., 2016; Ratner et al., 2016)) inhibit RhoA and trigger pyrin inflammasome activation.
Similarly, by disrupting RhoA prenylation, mevalonate kinase deficiency activates pyrin (Akula et al.,
2016). RhoA inhibition lifts the dynamic blockage of pyrin. Indeed, at steady state, pyrin is
phosphorylated by PKN1/2 on two serine residues (5208 and S242), allowing a phospho-dependent
chaperone from the 14-3-3 family to sequester pyrin away from downstream inflammasome
molecules. PKN1/2, two kinases from the PKC superfamily, are RhoA effectors that are active in cells
with homeostatic levels of RhoA activation. Inhibition of RhoA leads to loss of PKN1/2 activity,
dephosphorylation of pyrin and ultimately triggers activation of the pyrin inflammasome (Akula et al.,
2016; Gao et al., 2016; Masters et al., 2016; Xu et al., 2014). Yet, pyrin dephosphorylation is not
sufficient to trigger the full pyrin inflammasome activation (Magnotti et al., 2019). We have therefore
proposed a two-step model for pyrin activation (Fig. 1A). The first step corresponds to pyrin
dephosphorylation, while the second step, which remains poorly understood, corresponds to the
formation of ASC oligomers and caspase-1 activation. Interestingly, this model is consistent with the
observation that colchicine and, other microtubule-depolymerising drugs, block pyrin activation

downstream of its dephosphorylation (Gao et al., 2016; Van Gorp et al., 2016).

The two-step model is also supported by the two distinct autoinflammatory diseases associated with
mutations in MEFV, the gene encoding pyrin (Jamilloux et al., 2018). Indeed, mutations in MEFV exon
10, coding the B30.2 domain of pyrin, cause Familial Mediterranean Fever (FMF) and are associated

with a constitutively activated step 2 (Magnotti et al., 2019). In contrast, mutations affecting the serine
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residues, which are dephosphorylated during step 1 (Hong et al., 2019; Masters et al., 2016), or the
neighbouring residues required for the interaction with 14-3-3 proteins (Moghaddas et al., 2017) cause

Pyrin-Associated Autoinflammation with Neutrophilic Dermatosis (PAAND).

Despite its importance in health and disease, the mechanism responsible for step 2 is still largely

unclear and this study aimed at increasing our knowledge on this specific regulatory mechanism.

Results

A chemical screen identified sex hormone catabolites as pyrin step 2 activators.

To identify molecules that trigger step 2 of the pyrin inflammasome cascade, we used a human
monocytic cell line (U937) expressing the PAAND MEFV variant (i.e. p.S242R) under the control of a
doxycycline-inducible promoter (Magnotti et al., 2019) (Fig. 1B). In these cells, the p.5242R mutation
mimics pyrin dephosphorylation resulting in a pyrin protein constitutively activated for step 1. Cells
expressing (in the presence of doxycycline) p.S242R MEFV were treated with compounds (n=1,199)
from the Prestwick” "FDA-approved" Chemical Library (see Methods section and Table S2 for details).
At 90 minutes post-addition, cell death was measured by quantifying propidium iodide incorporation.
A counter-screen was performed simultaneously in the same conditions but in the absence of
doxycyclineg, (i.e. in the absence of pyrin expression) to retain compounds triggering pyrin-specific cell
death. One compound, etiocholanolone (6.9 uM) was identified as triggering a fast cell death in a
doxycycline-dependent manner (Fig. 1C). Etiocholanolone, also termed 3a-hydroxy 5B-androstan-17-
one, is an endogenous catabolite of the steroid hormone, testosterone (Fig. 1D). Except for medrysone,
which was weakly active, none of the other steroids in the Prestwick library triggered pyrin-specific cell

death.

The ability of etiocholanolone to trigger cell death in a p.S242R-MEFV-dependent manner was
validated in an independent set of experiments and demonstrated to be dose-dependent (Fig. 2A). To
assess the specificity of etiocholanolone and perform structure-activity relationship studies, a number
of hormones and catabolites were then tested. Interestingly, pregnanolone (3a-hydroxy-5B-pregnan-
20-one), a catabolite of progesterone, triggered p.S242R-MEFV-dependent cell death at an even lower
concentration than etiocholanolone (Fig. 2A). In contrast, neither testosterone nor progesterone
triggered cell death, even at high concentrations (half maximal effective concentration EC50>1000 uM)
and despite similar lipophilic properties as etiocholanolone and pregnanolone (supplemental Fig. S1).
Furthermore, both cortisol and its catabolite, tetrahydro-cortisol, were inactive (Fig. 2B),

demonstrating the specificity of the pregnanolone and etiocholanolone in triggering this response.
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Etiocholanolone and pregnanolone share the same stereochemistry on carbon 3 (3a) and 5 (5pB) of the
sterol. To evaluate the stereospecificity of the response, the two stereocisomers of etiocholanolone
were tested for their ability to trigger p.S242R-MEFV-dependent cell death. 3B-hydroxy-5B-androstan-
17-one (3B5B) and androsterone, (i.e. 3a-hydroxy 5a-androstan-17-one, (3a5a)), displayed EC50
greater than 1000 uM (Fig. 2C and supplemental Fig. S1), indicating that the response is stereospecific.

Furthermore, experiments with pregnanolone derivatives demonstrated that sulfation, a modification
associated with steroid inactivation and excretion (Schiffer et al., 2019) leads to a complete loss of
activity (Fig. 2D). All the modifications tested on the sterol ring or the terminal carbon or ketone
(supplemental Fig. S1) decreased the pyrin-specific cytotoxicity. In particular, hydroxylation on C17
fully abolished the cell death, thereby explaining the absence of activity of the cortisol catabolite (Fig.
2D, E). Overall, these structure-function analyses demonstrated that etiocholanolone and

pregnanolone are highly specific compounds that trigger S242R-pyrin-mediated cell death.

To validate this result in primary human monocytes, we used the PKC superfamily inhibitor, UCN-01,
which inhibits PKN1/2 and dephosphorylates pyrin, thus recapitulating the effect of the p.S242R
mutation. As previously described (Magnotti et al., 2020, 2019), UCN-01 alone does not trigger
pyroptosis in primary human monocytes from healthy donors. Similarly, neither etiocholanolone (12
KUM) nor pregnanolone (6 uM) alone were cytotoxic, even after long incubation times (Supplemental
Fig. S2A). Yet, the combination of UCN-01 and either of these two steroid catabolites triggered a very
fast cell death (Fig. 2F, G) and IL-13 release (Fig. 2H). These results thus strongly suggest that, in primary
monocytes, steroid catabolites activate pyrin step 2 and trigger activation of the pyrin inflammasome

and pyroptosis, in the presence of the step 1 activator, UCN-01.

High concentrations of steroid catabolites trigger full activation of the pyrin inflammasome in the

absence of a step 1 activator.

Interestingly, while at low concentration (<12 uM) steroid catabolites required activation of step 1,
through either genetic (p.S242R) or chemical (UCN-01) means, we noticed that, at high concentrations,
both etiocholanolone (Fig. 3A) and pregnanolone (Fig. 3B) triggered death of U937 cells expressing WT
MEFV. High doses of pregnanolone (50 uM) or etiocholanolone (100 uM) triggered pyrin
dephosphorylation to a similar extent as TcdA or UCN-01 while low doses of steroid catabolites did not
(Fig. 3C). Calyculin A, a phosphatase inhibitor, was recently shown to inhibit pyrin inflammasome in
response to bacterial toxins and infections (Malik et al., 2022a). Similarly, Calyculin A blocked
etiocholanolone and pregnanolone-mediated cell death and IL-1P3 release in healthy donor monocytes
and U937 cells expressing pyrin (Supplemental Fig. S2B-D). In addition, high doses of steroid catabolites

triggered ASC oligomerization as revealed by cross-linking experiments and Western blot analysis (Fig.
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3D). Low doses of etiocholanolone or pregnanolone did not unless combined with UCN-01. These
results suggested that, at high doses, these molecules can trigger both step 1 (i.e. pyrin
dephosphorylation) and step 2 to promote ASC oligomerization and inflammasome activation.
Accordingly, primary human monocytes exposed to high doses of steroid catabolites (50-100 uM)
underwent a fast cell death (Fig. 3E, F) and released IL-1B (Fig. 3G). LPS priming was not required for
etiocholanolone or pregnanolone-induced monocyte death (Fig. 3E-F) but was used to induce prollL-
1B expression whenever inflammasome activation was monitored by quantifying IL-1B release by
ELISA. Primary neutrophils, treated with steroid catabolites, also underwent a rapid cell death
(supplemental Fig. S3A). In contrast, steroid catabolites did not demonstrate substantial cytotoxicity
towards lymphocytes (supplemental Fig. S3B) in agreement with the lack of MEFV expression in these
cells (supplemental Fig. S3C). Etiocholanolone or pregnanolone addition triggered processing and
release of caspase-1, IL-1B and GSDMD (Fig. 3H). In agreement with the greater potency of
pregnanolone compared to etiocholanolone to trigger IL-1pB release (Fig. 3G), pregnanolone treatment
led to higher caspase-1 and GSDMD cleavage than etiocholanolone treatment did. Furthermore, pre-
treatment with the caspase-1 inhibitor, VX765, fully abolished IL-1B release by primary human
monocytes (supplemental Fig. S3D). Finally, Casp1%® and GSDMDX® U937 expressing WT pyrin were
fully resistant to steroid catabolites-mediated cell death (Fig. 3I) and did not release substantial
amounts of IL-1B (Fig. 3J). Altogether, these experiments demonstrated that steroid catabolites
specifically triggered pyrin dephosphorylation, ASC oligomerization, inflammasome activation,
caspase-1-dependent, GSDMD-dependent pyroptosis and IL-1B release. This response was

independent of NLRP3 (supplemental Fig. S3E).

Steroid catabolites differ from the prototypical activator TcdA and trigger pyrin activation in a B30.2-

dependent manner and in the absence of RhoA inhibition.

Activation of the pyrin inflammasome in response to RhoA-inhibiting toxins depends on microtubule
network integrity and is inhibited by microtubule-depolymerising drugs (e.g. colchicine or nocodazole)
(Gao et al., 2016; Van Gorp et al., 2016). Similarly, colchicine and nocodazole inhibited pyroptosis
induced by steroid catabolites in primary human monocytes (Fig. 4A, B). Colchicine also reduced IL-1B
release in response to etiocholanolone and pregnanolone (Fig. 4C) while it had no detectable action
on NLRP3-dependent pyroptosis. Interestingly, the observed inhibition was only partial in most donors
(Fig. 4B, 4C) and was lost at higher doses of pregnanolone (supplemental Fig. S4A). These results
suggest that these high steroid catabolite concentrations can overcome the microtubule integrity

requirement to activate the pyrin inflammasome in monocytes.
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Current knowledge places the activation of the pyrin inflammasome downstream of RhoA GTPases
inhibition (Akula et al., 2016; Xu et al., 2014). Yet, we observed no decrease in RhoA activity after
etiocholanolone, a result that contrasted with the robust RhoA inhibition observed upon TcdA
treatment (Fig. 4D, supplemental Fig. S4B). This observation suggests that steroid catabolites activate
pyrin by a mechanism distinct from the one triggered by TcdA. Accordingly, low doses of steroid
catabolites synergized with suboptimal doses of TcdA to promote cell death (Fig. S4C-D) and IL-18

release (Fig. S4E).

We then investigated the pyrin domains required for steroid catabolite-mediated pyroptosis and IL-1B
release. Pyrin proteins lacking either the pyrin (PYD) domain, the exon 2-encoded phosphorylated
linker (PLD), the B-box (BBox), the coiled-coil (CC) or the B30.2 domains were stably expressed in U937
cells (Supplemental Fig. S4F). The resulting cell lines were treated with pregnanolone, etiocholanolone
or TcdA. While the B30.2 domain was dispensable for TcdA-mediated response, steroid catabolites did
not trigger release of IL-1B in absence of the B30.2 domain (Fig. 4E). Conversely, in absence of the
phosphorylated linker domain, steroid catabolites triggered IL-1B release, further strengthening the
evidence that the activation mechanism is primarily independent of step 1. The PYD, B-Box and coiled-
coil domains were required for both steroid catabolites and TcdA responses. Furthermore, all the

different cell lines responded similarly to NLRP3 stimulation by LPS + nigericin.

The difference in the B30.2 dependence was further validated by comparing pyrin serine 242
dephosphorylation after treatment with TcdA or steroid catabolites. Indeed, TcdA and UCN-01
triggered the dephosphorylation of both WT and AB30.2 pyrin proteins while etiocholanolone and
pregnanolone only triggered pyrin dephosphorylation in the presence of the B30.2 domain (Fig. 4F).
These experiments indicated that pyrin dephosphorylation happened in a B30.2-dependent manner

specifically after addition of steroid catabolites.

Although the exact molecular mechanisms remain to be deciphered, these experiments revealed an
activation mechanism that strongly differs from the one triggered by RhoA-inhibiting toxins. Indeed,
pyrin activation by steroid catabolites is initiated in a B30.2-dependent manner, takes place in the
absence of RhoA inhibition and does not require the phosphorylated linker domain, which includes the

two serine residues required to launch TcdA/B-mediated pyrin responses (Gao et al., 2016).

The response to steroid catabolites is specific to human pyrin.

Mouse pyrin does not contain a B30.2 domain (J. J. Chae et al., 2000) but is a functional protein
triggering inflammasome activation in response to RhoA-inhibiting toxins (Xu et al., 2014). In addition,

the B30.2 domain is highly polymorphic in primates(P. Schaner et al., 2001). Since we observed a total
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dependence on the B30.2 domain for the response to steroid catabolites, we assessed whether pyrin
proteins from other species could promote responsiveness to steroid catabolites. Etiocholanolone and
pregnanolone did not trigger pyroptosis in U937 cells expressing either mouse or macaque pyrin (Fig.
5A, B and supplemental Fig. S5A-B) while these cells underwent cell death in response to TcdA (Fig.
5C). These results were further confirmed by quantifying IL-1B secretion (Fig. 5D). The
unresponsiveness of the murine pyrin inflammasome to etiocholanolone and pregnanolone was

further validated in primary murine macrophages (Fig. 5E).

To test whether the lack of response of murine macrophages to steroid catabolites was intrinsic to the
pyrin protein or linked to a more general defect, we expressed human pyrin in the murine macrophage
cell line, J774 (Supplemental Fig. S5B). The expression of human pyrin was sufficient to recapitulate
the responses seen in human cells (Fig. 5F, 5H). The response to NLRP3 stimulation was independent
of human pyrin expression (Fig. 5G, H) while, as expected, TNF levels were not impacted by human
pyrin expression (Fig. 51). In order to map the species specificity in regards to pyrin domains, chimeric
mouse-human MEFV constructs were generated and expressed in U937 cells (Fig. 5) and Supplemental
Fig. S5C). Inclusion of the murine PYD domain did not impair the response to steroid catabolites while
inclusion of both murine PYD and phosphorylated linker domain (PLD) reduced but did not abolish the
response to steroid catabolites (Fig. 5K, Supplemental Fig. S5D). The response to C. difficile toxins was
not affected in either of the two chimera (Fig. 5K). Chimeras with larger murine N-terminal pyrin were
not functional, possibly due to low expression level (Supplemental Fig. S5C). Altogether, these results
demonstrate that the response to steroid catabolites is human-specific and that this species specificity

is conferred, in an intrinsic manner, by the pyrin C-terminal domains.

Monocytes from FMF patients display a moderate increase in the response to steroid catabolites

compared to HD.

We then investigated whether FMF-associated mutations in MEFV exon 10 (altering the B30.2 domain)
had an impact on the response of the pyrin inflammasome to steroid catabolites. U937 cells expressing
three clearly pathogenic MEFV variants (Touitou, 2001) were exposed to etiocholanolone and
pregnanolone (Fig. 6A and supplemental Fig. S6A). While p.M680I and p.M694V mutations decreased
these EC50 (reaching statistical significance for p.M680I in the case of pregnanolone), the less severe
p.V726A mutation (Cekin et al., 2017), significantly increased the EC50 of both etiocholanolone and
pregnanolone. We then evaluated the steroid catabolites response of primary monocytes from FMF
patients presenting at least one p.M680I or p.M694V mutation. A trend towards a faster and stronger
cell death response was observed in response to steroid catabolites in monocytes from FMF patients

compared to HD (Fig. 6B, C). No difference was observed in response to NLRP3 inflammasome
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engagement (Fig. 6B, C) while, as previously described (Magnotti et al., 2020, 2019), UCN-01-mediated

pyroptosis was specifically observed in monocytes from FMF patients (Fig. 6B, C).

FMF monocytes released on average 4.5-fold and 1.6-fold more IL-1B than HD monocytes in response
to low or high concentrations of pregnanolone, respectively (Fig. 6D). In response to 100uM
etiocholanolone, monocytes from FMF patients released significantly more IL-1B than HD's monocytes
(p=0.015). The difference in IL-1B concentrations were much stronger in response to UCN-01 (19.9-
fold increase, p<0.001) while no difference was observed upon NLRP3 stimulation. Altogether, these
results suggest that FMF patients display a moderate increase in steroid catabolite-induced
inflammasome responses that could contribute to inflammatory flares and be dependent on the MEFV

genotype.

The pyrin inflammasome in FMF patients is mostly controlled at the stepl level (pyrin
dephosphorylation) (Magnotti et al., 2019) likely explaining why the response to steroid catabolites
(acting primarily on the step 2) is not drastically affected by FMF-associated MEFV mutations. We then
decided to investigate the effects of steroid catabolites on cells from PAAND patients, in which the
pyrin inflammasome stepl is constitutively activated leading to a pyrin inflammasome controlled

mostly at the step?2.

Monocytes from PAAND patients respond to low concentrations of steroid catabolites in the absence

of step 1 activator.

To assess the impact of PAAND-associated MEFV mutations on the response to steroid catabolites, we
generated U937 cells expressing either of three reported PAAND mutations (p.S208C, p.S242R,
p.E244K-supplemental Fig. S7A). Contrary to WT or p.M694V-expressing cell lines, all PAAND cell lines
died quickly in response to low concentrations of pregnanolone or etiocholanolone (Fig. 7A, B). UCN-
01 synergized with the low concentrations of steroid catabolites in p.5208C-expressing cells whereas
it had no additional effect in p.5S242R or p.E244K-expressing cells. Phosphorylation of serine residue
242 and interaction of 14-3-3 chaperone with the neighbouring residues may thus be more important
to maintain pyrin inactive than phosphorylation of serine residue 208. This hypothesis is consistent
with the fact that p.S242R and p.E244K mutations promote disease in a dominant manner while

p.S208C does so in a recessive manner (Hong et al., 2019; Masters et al., 2016; Moghaddas et al., 2017).

We then investigated four distinct exon 2-encoded MEFV mutations identified in patients, and that
have been either assigned as "variant of unknown significance" (p.E148Q, p.G250A) or likely
pathogenic (p.E167D, p.T2671) and associated with a clinical FMF-like phenotype. Interestingly, one

mutation (p.G250A), absent from Gnomad, gave a partial response to low doses of steroid catabolites
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suggesting it may affect pyrin step1 and be a pathogenic PAAND-like mutation. None of the other three
mutations gave cellular phenotypes differing from WT pyrin-expressing cells (Fig. S7B-C) suggesting
that they correspond either to MEFV benign polymorphisms or to FMF-like mutations (which was not

tested here).

We then assessed pyroptosis and IL-1B release in primary monocytes from PAAND patients from two
independent families with heterozygous p.S242R mutation. At low concentration, pregnanolone and
etiocholanolone triggered cell death (Fig. 7C, D), IL-1B release (Fig. 7D, E) and ASC specks formation
(Fig. 7F, G). In contrast, none of these responses were observed in monocytes from HD. No differences
were observed upon stimulation with TcdB or UCN-01 (in the presence or absence of low
concentrations of steroid catabolites) (Fig. 7C-E, G). High concentrations of pregnanolone or
etiocholanolone also triggered higher IL-1B release in PAAND patients' monocytes compared to HD
monocytes (Fig. 7E) possibly due to a faster and stronger inflammasome response (Fig. 7 D,

supplemental Fig. S7D).

These results thus demonstrate that PAAND patients’ monocytes strongly respond to low doses of
steroid catabolites suggesting that these molecules could contribute to inflammation in these patients

and also to the distinct clinical features observed in PAAND and FMF patients.
Discussion

The identification of steroid catabolites as molecules triggering pyrin step 2 provides insights into pyrin
activation mechanisms. First, it confirms that the two steps can be activated independently. Indeed,
low doses of sex steroid catabolites do not impact pyrin phosphorylation but the same doses trigger
inflammasome activation in the presence of pyrin variants impaired for phosphorylation. Furthermore,
the step 2 is dependent on the B30.2 domain, and independent of the phosphorylated linker domain,
while the inverse applies to TcdA-mediated pyrin activation. Finally, a coupling mechanism likely exists
between two steps since high doses of steroid catabolites trigger the full activation of pyrin. This
coupling mechanism might be mediated by pyrin conformation changes affecting the
phosphorylation/dephosphorylation balance mediated by PKN1/2 and by the calyculin A-sensitive
phosphatase(s) (Malik et al., 2022). Alternatively, high doses of steroid catabolites might affect the
activity of PKN1/2 or of the pyrin phosphatase(s). Of note, in this particular setting, what we initially

termed "second step" is likely to be upstream of pyrin dephosphorylation.

In contrast to the TcdA/B responses, the response to steroid catabolites is human-specific. In mice, the
lack of B30.2 domain partly explains the absence of response. Yet, we did not observe any response in

bone-marrow derived macrophages from knock-in mice presenting the murine pyrin protein fused to
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the human B30.2 domain(Chae et al., 2011; Park et al., 2020) (Supplemental Fig. S5E). The resulting
chimeric pyrin does not include the human coiled-coil domain likely explaining the lack of response of
these cells. Indeed, the coiled-coil domain is required for steroid catabolite-mediated pyrin activation
and is highly divergent between murine and human pyrin proteins (Supplemental Fig. S5A).
Surprisingly, the expression of Macaca fascicularis pyrin did not confer responsiveness to steroid
catabolites either, despite the presence of similar coiled-coil and B30.2 domains. MEFV has been
subjected to a strong evolutionary pressure in primates (P. Schaner et al., 2001), possibly explaining

the difference in steroid catabolites responsiveness between M. fascicularis and Homo sapiens.

Sex hormones are known to regulate immune responses and their variations during menstrual cycle
and pregnancy correlate with profound modifications in local and systemic immune responses
(Beagley and Gockel, 2003; Stelzer et al., 2021,Regan et al., 2013). Particularly, IL-1B and IL-18 levels
fluctuate during menstrual cycle and pregnancy (Azlan et al.,, 2020; Cannon and Dinarello, 1985;
Romero et al., 2018). Since pregnanolone sensitizes cells to low doses of the bacterial toxin TcdA (Fig.
SAC-E), the increase in pregnanolone may lower pyrin inflammasome threshold towards the end of
pregnancy and during menstruation. To our knowledge, plasma etiocholanolone/ pregnanolone levels
never reach micromolar concentrations (pregnanolone plasma level can reach up to 70 nM during
pregnancy (Deligiannidis et al., 2016; Hill et al., 2007)) so it is unlikely that physiological steroid
catabolites concentrations could fully activate the pyrin inflammasome in the absence of a synergistic
signal or pathogenic MEFV mutations. Interestingly, flares in women with FMF are frequently
associated with menstruation (Akar et al., 2006; Duzgun et al., 2006; Kishida et al., 2020), which
correspond to the peak of progesterone catabolism. While this correlation is appealing, demonstrating
the pathophysiological role of pregnanolone (and/or etiocholanolone) remains challenging, especially
due to the current lack of animal models and the complexity of the metabolome changes during

menstrual cycles and pregnancy (Stelzer et al., 2021).

Progesterone and testosterone were completely inactive with regards to pyrin inflammasome
activation. Similarly, all the modifications tested on the etiocholanolone or the pregnanolone
backbones decreased inflammasome responses. We thus believe that human pyrin has specifically
evolved in humans to sense these catabolites. Interestingly, Alimov and colleagues identified a
synthetic molecule, BAA473, that shares the same steroid backbone and the same stereochemistry as
etiocholanolone and pregnanolone and activates pyrin. In contrast to the molecules identified here,
which are endogenous molecules, the relevance of BAA473 remains to be established although,
theoretically, BAA473 could be generated from the secondary bile acid, deoxycholic acid (Alimov et al.,
2019). BAA473-mediated pyrin inflammasome activation likely proceeds through an identical

mechanism as steroid catabolites.
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In addition to being sex hormones catabolites, pregnanolone and etiocholanolone are also
neurosteroids that can be generated de novo in the central nervous system (Yilmaz et al., 2019).
Neurosteroids levels vary greatly, depending on the specific physiological situations, and can reach
submicromolar to micromolar concentrations (Hosie et al., 2006). Particularly, pregnanolone levels
increase during psychological stress (Park et al., 2017; Strohle et al., 2002), a condition known to
promote flares in FMF patients (Kishida et al., 2020b). Whether etiocholanolone or pregnanolone could
locally reach high enough concentrations to prime or activate the WT pyrin inflammasome in a
particular neurological environment (and contribute to neuroinflammation) is unclear at the moment.
Interestingly, we observed that at least one MEFV mutation (p.P373L) confers responsiveness to
nanomolar concentrations of steroid catabolites (Fig. S6B) indicating that physiological concentrations
can modulate pyrin inflammasome activation. All other neurosteroids tested (pregnenolone and
pregnenolone sulfate) were inactive, and we could not identify receptors upstream of the pyrin
inflammasome to explain the pyroptotic effect of pregnanolone and or etiocholanolone. The pyrin
B30.2 domain contains a hydrophobic pocket that has been hypothesized to bind a ligand. Similarly,
the butyrophilin 3A1 B30.2 domain displays a pocket that accommodates microbial-derived
phosphoantigens resulting in the activation of gamma delta T cells (Sandstrom et al., 2014). It is thus
tempting to speculate that pregnanolone and etiocholanolone could directly bind the pyrin B30.2
domain to activate the inflammasome. This speculation is supported by the impact of some B30.2-
affecting mutations (e.g. V726A) which decreased the efficacy of steroid catabolites to activate the

pyrin inflammasome (Fig. 6A).

Importantly, experiments performed in the late 50s have demonstrated the fast and potent pyrogenic
activity of steroids of endogenous origin, including etiocholanolone and pregnanolone upon injection
in human volunteers (KAPPAS et al., 1960, 1957). These historical experiments thus validate these
steroid catabolites as potent in vivo inflammation inducers and our results strongly suggest that
activation of the pyrin inflammasome was at the origin of this enigmatic "Steroid fever" (KAPPAS et al.,

1961).
Limitations of the study

The requirement for the B30.2 domain and the lack of observed RhoA inhibition suggest that steroid
catabolites activate pyrin by an unconventional mechanism. This conclusion is based on negative data
(lack of observed RhoA inhibition) and chimeric or truncated pyrin variants for which it is difficult to
exclude non-specific impact on the overall protein structure and function. We speculate that the pyrin
B30.2 may directly bind steroid catabolites to promote pyrin activation step 2 although so far, we did

not manage to demonstrate this interaction.
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While the "steroid fever" experiments indicate that these molecules can trigger inflammation upon
injection in humans and could be used as proinflammatory mediators, we were unable to test whether
physiological steroid catabolites concentrations can locally prime or fully activate the WT pyrin
inflammasome. At the moment, most of the experiments were performed with steroid catabolites
concentrations =100-fold higher than those found in serum. Novel animal models and/or clinical
studies are needed to investigate the links between pyrin inflammasome and steroid hormones

catabolism at key life stages in females and males.
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Lead contact

Further information and requests for resources and reagents should be directed to the lead contact,

Thomas Henry (thomas.henry@inserm.fr).
Materials availability

The WT, p.M694V (FMF), p.S08C/S242R (PAAND) pyrin-encoding plasmids have been previously
deposited to Addgene (ID 134702, 703, 706). Other point mutants plasmids are available upon request
to the lead contact. All unique/sable reagents generated in this study are available from the lead

contact without restriction.
Data and code availability

e Raw data (full Western blot images and Raw data) have been deposited at Mendeley and are

publicly available as of the date of publication. DOl is listed in the key resources table.
e This paper does not report original code

e Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS:
Human subjects:

The study was approved by the French Comité de Protection des Personnes SUD-EST IV (CPP,#L16-
189), lle de France IV (CPP, #2018/95) and by the French Comité Consultatif sur le Traitement de
I'Information en matiére de Recherche dans le domaine de la Santé (CCTIRS, #16.864) and the
Leuven/Onderzoek Ethic committee (#S58600). The authors observed a strict accordance to the
Helsinki Declaration guidelines. HD blood was provided by the Etablissement Francais du Sang in the
framework of the convention #14-1820. Informed consent was obtained from all healthy donors and

patients.

All FMF patients fulfilled the Tel Hashomer criteria for FMF, had at least one mutation in the MEFV
gene and are listed in Supplemental Table S2. PAAND patients all bear heterozygous p.S242R mutation.
Three patients have been previously reported (Van Nieuwenhove et al., 2021b) while three patients (1
adult 2 children) were identified by Pr. Tran (CHU Nimes). The potential carriage of MEFV mutations in

HD was not assessed. Blood samples from HD were drawn on the same day as patients.
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The age and sex of patients are provided in Supplemental Table S2. The number of patients in each

experiment is reported in the corresponding figure panels.
Cell lines:

The human myeloid cell line U937 (ATCC #CRL-1593.2) was grown in RPMI 1640 medium with
glutaMAX-I supplemented with 10% (vol/vol) FCS, 100 IU/mL penicillin, 100 pg/mL streptomycin
(ThermoFischer Scientific) at 37 °C . U937 cell line was derived in 1974 from malignant cells obtained
from the pleural effusion of a 37-year-old, White, male patient with histiocytic lymphoma. U937 cells
were obtained from CelluloNet-BRC, SFR Bioscience, tested mycoplasma-free. The cell line has not

been authenticated.

293T cell line (ATCC #CRL-3216) is an epithelial-like cell line that was isolated from the kidney of a
female fetus. 293T cells were grown in DMEM medium with glutaMAX-I supplemented with 10%
(vol/vol) FCS at 37 °C. 293T cells were obtained from Anira-vectorology platform, SFR Bioscience,

tested mycoplasma-free. The cell line has not been authenticated.
Primary cells:

Bone-marrow progenitors from the femurs and tibias from female 6-12 weeks-old C57BL6/J (Charles
River) or MEFVM®94VKI (Chae et al., 2011) mice were obtained in the framework of the ethical approval
ENS 2012 _061 (CECCAPP, Lyon, France). Mice were maintained in the PBES animal facility by trained
staff with daily monitoring of animal behaviour and husbandry conditions in agreement with the
French laws ("Décret n 2013-118 du 1er février 2013 relatif a la protection des animaux utilisés a des
fins scientifiques"). Cages contained enrichment and bedding material. Water and food was given ad
libitum. Progenitors were differentiated into bone-marrow derived macrophages (BMDMs) during 6
days in DMEM medium with glutaMAX-I supplemented with 10% (vol/vol) FCS and 10% M-CSF-
containing supernatant at 37 °C. Progenitors were seeded in non-tissue culture treated petri dishes
and following differentiation were lifted in PBS without calcium and magnesium using cell scrapers

(Sarstedt).

Human monocytes, neutrophils, lymphocytes: Blood was drawn in heparin-coated tubes and kept at
room temperature overnight. The age and sex of patients is provided in Supplemental table S2, the
age and sex of healthy donors was not available due to full anonymization of donors from the EFS
blood bank. Monocytes were isolated as previously reported (Magnotti et al., 2019). Briefly, peripheral
blood mononuclear cells (PBMCs) and neutrophils were isolated by density-gradient centrifugation.
Monocytes were further isolated by magnetic positive selection using CD14 MicroBeads (Miltenyi

Biotec) following manufacturer's instructions. Lymphocytes were recovered from the negative fraction
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of monocytes isolation. Neutrophils were separated from red blood cells (RBCs) using Dextran (Sigma,
#31392), residual RBCs were lysed with ice cold bi-distilled water and contaminating CD14* monocytes
were excluded using CD14 MicroBeads. Live cells were enumerated by flow cytometry (BD Accuri C6
Flow Cytometer®). All human cells were grown in RPMI 1640 medium with glutaMAX-I supplemented
with 10% (vol/vol) FCS, 100 IU/mL penicillin, 100 pug/mL streptomycin (ThermoFischer Scientific) at
37 °Cin the presence of 5% CO..

METHOD DETAILS

Compound library and reagents. The Prestwick® Chemical Library (Prestwick Chemical, Ilikirch, France)
amounts to a total of 1,199 compounds arrayed in fifteen 96-well plates. This 2013 version of the
library contains mostly US Food and Drug Administration (FDA)-approved drugs. All the compounds
were stored in DMSO at -20°C. Mother plates 1-14 were at a concentration of 2 mg/mL, which
corresponds to 6.32 + 2.8 mM, and the last one at a concentration of 10 mM. All the compounds and
their final concentrations are listed in Table S1. Etiocholanolone (3a-hydroxy-5B-androstan-17-one,
#R278572), Testosterone (#86500), Androsterone (3a-hydroxy-5a -androstan-17-one, #31579), 3P -
hydroxy-5B-androstan-17-one (R213691), Progesterone (#P8783), Pregnanolone (5-beta-pregnan-3a-
ol, 20-one, #P8129), cortisol (#C-106), UCN-01 (#U6508), Doxycycline (#D9891) were from Sigma.
Pregnanolone (5-beta-pregnan-3a-ol, 20-one, #P8150-000), 11-one: (5-beta-pregnan-3a-ol-11, 20-
dione, #P7850-000), 11aOH: (5B-pregnan-3a, 11a-diol-20-one, #P6400-00), 11BOH: (5-B-pregnan-3-a,
11B-diol-20-one, #P6420-000), Hemisuccinate: (5-B-pregnan-3-a, 21-diol-20-one, 21 hemisuccinate,
#P6944-000), 210H: (5-B-pregnan-3-a, 21-diol-20-one, #P6920-000), 170H (5-B-pregnan-3-a, 17 diol-
20-one, #P6570-000), 20H (5-B-pregnan-3-a-ol, #P7800-000), Sulphate (5B-pregnan-3a-ol-20-one
sulphate, sodium salt, #P8168-000) were from Steraloids. Tetrahydrocortisol (#7293370) was from
Toronto Research Chemicals. LPS-EB Ultrapure (#tlrl-3pelps), Nigericin (#tlrl-nig) were from Invivogen.
TcdB was from Abcam (#ab124001). TcdA was purified from Clostridium difficile VPI10463 strain, as

previously described (Popoff, 1987; von Eichel-Streiber et al., 1987).

Chemical library screening. All robotic steps were performed on a Tecan Freedom EVO platform.
Compounds from the Prestwick Chemical Library® were evaluated at a 1:1,000 or 1:2,000 dilution of
the original stock for plates 1-14 and plate 15, respectively (see Table S1). 1 uL of DMSO solutions was
spiked into dry well of F-bottom clear cell culture treated 96-wells plates (Greiner Bio One), with
columns 1 and 12 devoted to controls and used to calculate the Z’-factor. U937 cells expressing
p.S242R MEFV were treated or not (counterscreen) with doxycycline (1 pg/mL) for 16 h, centrifuged
and seeded at 10° cells per well (100uL final volume) in RPMI 1640 without phenol red, 10% FCS, 1mM

Hepes, 1% PSA, 1ImM Glutamine, in the presence of propidium iodide at 5 pg/ml. Following 90 min of
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incubation at 37°C, fluorescence intensity (excitation wavelength at 535 nm and emission wavelength
at 635 nm) corresponding to propidium iodide incorporation was measured on a microplate reader
(Infinite M1000, Tecan). The average Z’ value was 0.67 + 0.12, indicating a robust and reliable assay.
Mean fluorescence + 3SD was retained as a threshold. Compounds triggering cell death only in the

presence of doxycycline were considered as pyrin-specific and defined as hits.

Genetic manipulation. Casp1*® and GSDMD*° cell lines, U937 cell lines expressing WT, p.S208C,
p.S242R, p.M694V, p.M680I under the control of a doxycycline-inducible promoter, have been
previously described(Lagrange et al., 2018; Magnotti et al., 2019c). p.[V726A], p.[E244K], APYD, APLD,
AB-Box, ACoiled-coil, AB30.2 MEFV were generated by mutagenesis of the pENTR1A-3xFlag MEFV
using primers presented in supplemental table S3, pfu ultra Il Fusion high fidelity polymerase (Agilent)
followed by digestion of the parental plasmid using Dpn1 restriction enzyme. The resulting plasmids
were validated by sequencing and the mutated MEFV constructs were transferred into the GFP-
expressing plasmid pINDUCER21 (Meerbrey et al., 2011) under the control of a doxycycline-inducible
promoter using LR recombinase (Invitrogen). Lentiviral particles were produced in 293T cells using
pMD2.G and psPAX2 (from Didier Trono, Addgene plasmids #12259 and #12260), and pINDUCER-21
plasmids. U937 cells were transduced by spinoculation and selected at day 4 post-transduction based
on GFP expression on an Aria cell sorter and maintained polyclonal. Pyrin expression was induced by
treatment with doxycycline (1 pg.mL?) for 16 h before stimulation. All parental cell lines were tested

for mycoplasma contamination.
Inflammasome activation

For cytokine quantification, primary monocytes were seeded in 96-well plates at 5x103 cells/well, in
RPMI 1640, GlutaMAX medium (Thermofisher) supplemented with 10% foetal calf serum (Lonza) and
incubated for 3 hours in the presence of LPS (10 ng/ml, Invivogen). Primary monocytes were then
treated for 1 h 30 with nigericin (5 uM, Invivogen); UCN-01 (12.5 uM, Sigma), TcdB (125 ng/ml, Abcam)
or steroid catabolites at the indicated concentrations. When indicated, monocytes were treated with
colchicine (1 uM, Sigma), nocodazole (5 uM, Sigma), VX-765 (25 uM, Invivogen), MCC950 (10 uM,
Adipogen AG-CR1-3615) or Calyculin A (Sigma, 208851) 30 minutes before addition of steroid
catabolites, UCN-01, TcdB or Nigericin. Following the incubation, cells were centrifuged, and

supernatants were collected.

To assess cytokine release, 8 x 10* U937 cells per well of a 96 wells plate were exposed to 100 ng.mL™

of phorbol 12-myristate 13-acetate (PMA; InvivoGen) for 48 h and primed with LPS at 50 ng/ml for 3
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h. When applicable, nigericin was used at 50 pg.mL?. Supernatant was collected at 3 h post treatment.
Levels of IL-1B, IL-18 or TNF in cell supernatants were quantified by ELISA (R&D Systems). The number

of replicates and independent experiments are listed in the corresponding figure legends.
ASC specks Immunofluorescence

Monocytes were fixed with paraformaldehyde 2% for 20 min before spreading onto poly-lysine
adhesion slides (Thermo Scientific™) using the Cytospin3 (Shandon) 5 min at 450 rpm. Following
permeabilization with Triton X100 (0.1% in PBS), cells were stained using anti-ASC (Santa Cruz,
sc22514R, 4 pg.mL1), Alexa594-goat anti rabbit antibodies (Invitrogen, A-110088, 10 pg.mL™) and DAPI
(100 ng.mL™). ASC specks were visualized on the Zeiss LSM800 confocal microscope. Quantification

was performed on 10 fields per sample.

Real time cell death and EC50 calculation. For real time cell death assays, monocytes and U937 cells
were seeded at 2 or 5 x 10* per well of a black 96 well plate (Costar, Corning), respectively, in the
presence of propidium iodide (PI, Sigma) at 5 pug/ml. Three technical replicates per conditions were
done. Real time Pl incorporation was measured every 5 to 15 min immediately post-stimuli addition
on a fluorimeter (Tecan) using the following wavelengths: excitation 535 nm (bandwidth 15 nm);
emission 635 nm (bandwidth 15 nm) (C. L. Case and Roy, 2011; Pierini et al., 2012). Cell death was
normalized using Pl incorporation in cells treated with triton X100 for 15 min (=100% cell death) and
Pl incorporation at each time point in untreated cells (0% cell death). As a further correction, the first
time point of the kinetics was set to 0. The areas under the curve were computed using the trapezoid
rule (Prism 6; GraphPad). To calculate the EC50 (Half maximal effective concentration), the normalized
cell death at 3 h post-compound addition was used. To compare different cell lines, butyrate (1mM)
was added for 16 h (in the meantime as doxycycline) to revert transgene silencing (Chen et al., 1997).
The different concentrations were log-transformed, and a non-linear regression was applied using the
Log (agonist) vs. normalized response-variable slope model (Prism 6; GraphPad). The least squares

(ordinary) fitting method was applied.

RhoA activity

RhoA activity was determined by G-LISA (Cytoskeleton) following manufacturer's instructions.
Crosslinking, immunoprecipitation, Inmunoblot

Cells were lysed in 25mM Tris HCl, 150mM NaCl, ImM EDTA and 0.1% NP-40 buffer containing Mini
Protease Inhibitor Mixture (Roche) and sodium fluoride (Sigma) by a quick freezing and thawing step.

Flag-Pyrin was immuno-precipitated using anti Flag M2 affinity gel (Sigma). ASC was cross-linked in the

74



insoluble pellet using DSS (Disuccinimidyl suberate, ThermoFisher #21655) 2 mM (1 h at 37°C). Proteins
were separated by SDS/PAGE on precast 4-15% acrylamide gels (Bio-rad) and transferred to TransBlot®
Turbo™ Midi-size PVDF membranes (Bio-rad). Antibodies used were mouse monoclonal anti-FLAG®
(Sigma-Aldrich, clone M2; 1:1,000 dilution), anti-Pyrin (Adipogen, AL196, 1: 1,000 dilution), anti-
phospho $242 Pyrin (Abcam, ab200420; 1:1,000 dilution)(Gao et al., 2016c), anti-human Caspase-1
(Santa Cruz, sc515, 1: 1,000 dilution), anti-human GSGMD (sigma, HPA044487, 1: 1,000 dilution), anti-
human IL-1B (Cell signalling, #12703, 1: 1,000 dilution), anti-ASC (Santa Cruz, sc22514R, 1:1,000
dilution). Cell lysates were reprobed with a mouse monoclonal antibody anti-B-actin (clone C4,

Millipore; 1:5,000 dilution).
QUANTIFICATION AND STATISTICAL ANALYSIS.

Normality was verified using D'Agostino & Person omnibus normality test, Shapiro-Wilk normality test
or Kolmogorov-Smirnov test with Dallal-Wilkinson-Lille for P value if the number of values was too
small for the former test. Gaussian distribution was assumed for technical triplicates. Unmatched
normalized values were analysed by Ordinary one-way ANOVA with Sidak's multiple comparisons test.
When normality could not be verified, matched values were analysed by the Friedman test, with
Dunn's correction or using Sidak's multiple comparisons test. Normal matched values were analysed
with RM one-way ANOVA, with the Greenhouse-Geisser correction and Dunnett correction for
multiple comparisons. Unmatched values, for which normality could not be verified, were analysed
using Kruskal-Wallis analysis with Dunn's correction. Effect of treatment was analysed by Wilcoxon
matched-pairs signed rank tests. Prism 7 (GraphPad) was used for statistical analyses. The statistical

analyses and parameters for each experiments are listed in the corresponding figure legends.
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Figures and legends
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Figure 1: a chemical screen identifies etiocholanolone, a testosterone catabolite, as a pyrin

inflammasome step 2 activator.

(A) Model for pyrin two step activation mechanism. Step 1 is due to dephosphorylation of pyrin and
loss of 14-3-3 binding and is constitutive in PAAND patient. Step 2 is uncharacterized but is upstream
of ASC speck formation and is constitutive in FMF patients. (B) Chemical screen overview: cells
expressing (Dox: doxycycline) or not (No Dox) p.S242R MEFV were exposed to individual chemical
compounds. 90 min post-exposure, cell death was monitored using propidium iodide (PI). Compounds
driving cell death independently of pyrin (i.e. in the absence of doxycycline) were excluded. (C) Screen
results are shown, each dot represents the cell death value of cells exposed to one chemical
compound. The dotted line represents the mean + 3 SD. Red dots represent non-specific hits (killing
cells irrespective of the presence or the absence of Dox) while blue dots represent specific hits
displaying cytotoxicity only upon pyrin expression. Etiocholanolone (Etio, 6.9 uM) is highlighted. Each
chemical compound was screened once in the presence and in the absence of doxycycline. The value
shown corresponds to normalized cell death value of a single well. (D) Structure of progesterone and
its catabolite etiocholanolone are shown. The stereochemistry of carbon 3 and 5 is indicated. 173-HSD:
17B-hydroxy-steroid  dehydrogenase,  5B-R: 3a-HSD:

5B-reductase, 3a-hydroxy-steroid

dehydrogenase.
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Figure 2: Pregnanolone and etiocholanolone specifically triggers pyrin inflammasome step 2.

(A) Pregnanolone (blue) and etiocholanolone (red) were added at different concentrations on cells
expressing (in the presence of doxycycline, DOX+) or not (No Dox) p.S242R MEFV. Cell death was
determined at 3 h post-addition. The concentration triggering 50% cell death (horizontal dotted line)
determined the EC50 (Half maximal effective concentration which is inversely correlated to the activity
of the tested molecule). (B) Structure activity of various steroid hormones, their catabolites, (C) of
etiocholanolone (also known as 3a-hydroxy 5B-androstan-17-one (3a, 5B)) and its two stereoisomers
3B-hydroxy-5B-androstan-17-one (3B, 5B) and androsterone (3a, 5a), (D) of pregnanolone and
molecules closely related. EC50 were calculated as in A. (E) Structures of selected compounds. All
compounds can be found in supplemental Fig. S1. (F) Primary monocytes from healthy donors (HD,
n=3) were pre-treated with pregnanolone (6 uM) or etiocholanolone (12 uM) for 1 h followed by
addition of the PKC superfamily inhibitor, UCN-01. Cell death was monitored every 5 min for 2 h. (G)
The Area Under the Curve (AUC) was computed for each HD. (H) Primary monocytes from healthy
donors (HD, n=3-4) were treated with LPS for 2 h, then pre-treated with pregnanolone (6 uM) or
etiocholanolone (12 uM) for 1 h followed by UCN-01 addition. IL-1 concentration in the supernatant
was quantified at 3 h post-UCN-01 addition. One experiment representative of three (A) or two (B-D)
independent experiment is shown. Mean and SEM of triplicates are shown. Sulphate: 5B-pregnan-3a-
ol-20-one sulphate; 11a0H: 5B-pregnan-3a, 11a-diol-20-one; 11-one: 5-beta-pregnan-3a-ol-11, 20-
dione; 11BOH: 5-B-pregnan-3-a, 11B-diol-20-one; 170H: 5-B-pregnan-3-a, 17 diol-20-one; 20H: 5-B-
pregnan-3-a-ol; 210H: 5-B-pregnan-3-a, 21-diol-20-one; Hemisuccinate: 5-B-pregnan-3-a, 21-diol-20-
one 21 hemisuccinate. (B, C, D) One-way ANOVA with Dunn's correction was applied. ***:p<0.001;
**p=0.007. (F) each point corresponds to the mean +/- SEM of 3 HD values, each one being the mean
of a triplicate. (G) Each point corresponds to the mean AUC of kinetics of one HD performed in
triplicate, the bar represents the mean +/- SEM of 3HD. AUC are expressed as arbitrary units (a.u.).
Friedman test with Dunn's correction for multiple analysis was performed in comparison to untreated
cells. *: p=0.023 (Etio + UCN); p=0.011 (Pregna + UCN). (H) Each point corresponds to the mean IL-1B
concentration of 1 HD calculated from a triplicate, the bar represents the mean +/- SEM of 3-4 HD.
Kruskal-Wallis test with Dunn's correction for multiple analysis was performed in comparison to LPS-

treated cells. *:p=0.011; **p=0.002.

79



>
w
@]

Etiocholanolone Pregnanolone
= = 1;:?: I 1
£1 = S247R £ = S242R Ppyr
LR -~ WT * - WT o e *
85 S5 Total 75— [ ——
gg % 8 R e LR
og SR i 0 - 12 - - -
2 o SHR| 8 , - SHR| Etiocholanolone (uM) muﬁu 12 -
= - WT @ = ——WT lo Dox Pregnanoclone (uM) - - - - -
= e UCN - - - - - + -
Log [uM] TedA - - - - - -+
D E F
2 Insoluble HD n=3-12 LPS+Nigericin 9 . .
o] L asa w40 - 9
ASC 37— - - L L AN g .
o g st E _— .
2= T EE=S= s 3; -s-Pregnanolone 50puM ; .
Soluble 8 2 —«Etiocholanclone 100puM ]
37— b g 201 2 \‘
ASC 55— g3 34
22_*--—-...E-.-.--- g
= —Pregnanolone 6pM
LPS - + + - - - - - - - - < Et?c?l:holanolcmelj : I
Nigericin - - + - - - - - - - - 0 P S ""12“M Etiocholanolone(uM) 12 100 - - -
Etiocholanolone(pM) - - -100- - 12 - 12 - - Time (h) Pregnanclone(pM) - - 6 50 -
Pregnanolone{(uM) - - - -50- - 6 - 6 - LPS+Nigericin - - - - +
UCNO1 - - - - -+ - - + %
TedA - - - - - - - - - -+
G H Casp-1
Lysate SD_|‘I'- - —-— ™ ‘
20— =
Supemnatant ‘ LA | . ‘—‘
4500
IL-1p
__ 2500 Lysate op_ " s e -
g Supematant zuj |
g 2000 upernatan —— - —
< GSDMD
.}
= 4000 Lysate s0— R ——
Supernatant ‘ - - -|
25—
0. ing control (Ponceau)
LPS Lysat
Etiocholanclone (pM) ysale
Pregnanolone (pM) LPS - + + + + + + + 4+ +
Nigericin - - - - - - + Nigericin - - + - - - - - - -
Etiocholanolone (uM) - - -100- - 1212- -
Pregnanolone (uM) - - - - 50 - - -6 6
UCN-O1 - - - - - + - + -+
l J
= 80 - 15000
T - - WT/Etiocholanolone 100 pM olLps
8 all 1 LPS/Etiocholanolone 100 pM
£ = -=\WT/Pregnanolone 50 pM = 1 LPS/Pregnanolone 50 pM
c
89 £
40 E 7500
dg @
g =I' *® ® ® ¥
E + CASP1KO/Etiocholanolone 100 uM -3 3 I
- KOJEti
. - . GSDMDKO/Etiocholanolone 100 pM 0 MNen =TI e
1 2 3« CASP1KO/Pregnanolone 50 pM é\{g o “{\_“9 o \XS‘ OO
Time (h) GSDMDKO/Pregnanolone 50 M cg’%@é o_‘,?%é& cg’éﬁ'
0?‘0‘-'9 o?"c;-:) 0‘?‘6"-9

80



Figure 3: High concentrations of etiocholanolone and pregnanolone trigger full activation of pyrin

inflammasome.

(A, B) U937 cells expressing (plain lines) or not (No Dox, dotted lines) p.S242R (red) or WT (black) MEFV
were treated with various concentration of etiocholanolone (A) or pregnanolone (B). Cell death was
determined at 3 h post-addition. (C) 3xFlag-WT pyrin from U937 cells treated with the indicated stimuli
at the indicated concentrations was immunoprecipitated. Ser242 phosphorylation (P-pyr) and total
pyrin levels were monitored by Western blot. "*" indicates a cleaved form of pyrin. (D) ASC
immunoblot from U937 cells expressing WT MEFV. Cells were treated with the indicated molecules.
ASC oligomers in the insoluble fraction were treated with DSS (2 mM) cross linker after lysis. ASC
monomers in the soluble fraction is shown. "*" and "**" correspond to the size of ASC dimer and
trimer, respectively. (E) Monocytes from healthy donors (n=3-12) were treated with low (black) or high
concentrations of etiocholanolone (red) and pregnanolone (blue) or with LPS + Nigericin (Magenta).
Propidium iodide incorporation (Pl) was monitored every 5 min for 3 h. (F) The corresponding Area
Under the Curve (AUC) for each donor are shown. (G) Monocytes were primed with LPS for 3 h and
exposed to the indicated stimuli at the indicated concentration. IL-1 concentration in the supernatant
was quantified at 3 h post-addition. (H) Monocytes from one HD were primed or not with LPS for 3 h
before addition of the indicated stimuli. Caspase-1, IL-1f and GSDMD processing were analysed by
Western blot in the cell lysate and supernatant at 3 h post stimuli addition. (I) MEFV-expressing U937
monocytes or (J) PMA-differentiated U937 macrophages WT or knock-out for CASP1 or GSDMD as
indicated were treated with doxycycline during 16 h. (l) Propidium iodide (Pl) incorporation was
monitored every 5 min for 3 h post stimuli addition. (J) Cells were primed with LPS for 3 h before
addition of the indicated stimuli. IL-18 concentration in the supernatant was quantified at 3 h post-
addition. One experiment representative of three (A-C) to two (H-1) independent experiment is shown.
Mean and SEM of triplicates are shown. (A-B) Non-linear regression curve computed using least
squares fit method is shown. (G) Kruskal-Wallis test with Dunn's multiple comparisons tests was
performed to compare the different treatments to the LPS treatment. *: p=0.026; **: p=0.0011; ***:
p<0.001. (J) One-way ANOVA analysis with Sidak's multiple comparisons test was performed to
compared WT U937 to CASP1*° or GSDMD*® cells. ***:p<0.001.
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Figure 4: Pyrin inflammasome activation proceeds differently following TcdA/B and steroid catabolites

addition.

(A) Monocytes from HD (n=2-12) were treated with colchicine or nocodazole and 30 min later with the
indicated stimuli. Propidium iodide incorporation was monitored every 5 min for 3 h. (B) The Area
Under the Curve (AUC) are shown. For each HD, the AUC values in the presence of inhibitors were
normalized to the AUC value obtained in the absence of inhibitor. (C) Monocytes from HD (n=8-14)
were treated with colchicine and 30 min later with the indicated stimuli. IL-1B concentration in the
supernatant was quantified at 3 h post-addition. (D) RhoA activity was determined by G-LISA at
different time post-treatment in the lysate of U937 cells. The activity of the different treatments at the
indicated time is presented in supplemental Fig. S4B. (E) Doxycycline-induced, PMA-differentiated
U937 macrophages expressing MEFV Full-length (FL), deleted of the pyrin (APYD), of the
phosphorylated linker (APLD), of the BBox (ABbox), of the Coiled-coil (ACC) or the B30.2 (AB30.2)
domains were treated LPS for 3 h and then with the indicated stimuli. IL-18 concentration in the
supernatant was quantified at 3 h post-addition. (F) Doxycycline-induced, U937 monocytes expressing
WT or AB30.2 MEFV were treated with the indicated stimuli for 90 min. Pyrin S242 phosphorylation
was assessed by Western blot analysis following immunoprecipitation. "*" indicates a cleaved form of
pyrin. (A-E) Mean and SEM are shown. (B-C) each dot represents the value for one HD. (D-E) One
experiment with technical triplicates representative of two (D) to three (E) independent experiments
is shown. (B-C) Wilcoxon matched-pairs signed rank tests were performed to compare values with or
without colchicine/nocodazole. Two-tailed p-values: (B) **p=0.0078; ***p<0.001 (C) ***p<0.001,
**p=0.002 (D) Ordinary one way ANOVA with Holm-Sidak's correction for multiple tests was
performed. *p=0.015, ***p<0.001. (E) Ordinary one way ANOVA with Sidak's correction for multiple

tests was performed. *p=0.011, *** p<0.001.
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Figure 5: The human specificity of the response to steroid catabolites is intrinsic to the pyrin protein.

(A-C) Doxycycline-induced U937 monocytes or (D, K) PMA-differentiated U937 macrophages
expressing human (black), mouse (red), macaca fascicularis (magenta) or the indicated chimeric (J, K)
MEFV were treated with the indicated stimuli. (A-C) Propidium iodide (Pl) incorporation was monitored
every 5 min for 3 to 6 h. (D, K) IL-1B concentration in the supernatant was quantified at 3 h
(Etiocholanolone, Pregnanolone) or 6 h (TcdA, TcdB) post-addition. (E) WT bone-marrow derived
macrophages (BMDM) were primed for 16 h with LPS (100 ng/ml) and treated with TcdB (10 ng/ml),
etiocholanolone (100 uM), pregnanolone (50 uM), or nigericin (10 pg/mL). IL-1B concentration in the
supernatant was quantified at the indicated time point post-compound addition. (F-I) 1774
macrophages expressing or not (No Dox) human MEFV were treated with the indicated stimuli. (F-G)
Propidium iodide (Pl) incorporation was monitored every 5 min for 3 h. (H-1) Cells were primed for 3h
with LPS before stimuli addition. (H) IL-1B and (I) TNF concentrations in the supernatant were
quantified at 3 h post-addition. (K) The dotted lines indicate the basal value in LPS-treated U937 cells
expressing human MEFV or murine MEFV. (A-l, K) one experiment representative of three independent
experiments with mean and SEM of biological triplicates is shown. (D-E, H-I, K) One-way ANOVA with
Sidak's test was used, ***: p<0.001, (H) *: p=0.214; (I) *: p=0.0304; (K) from left to right: *:p=0.0123,
p=0.0159.
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Figure 6: Monocytes from FMF patients display a moderately increased response to steroid catabolites

compared to HD.

(A) U937 expressing the indicated MEFV variant were exposed to the indicated steroid catabolite and
the EC50 was determined at 3 h post-addition. (B) monocytes from HD (n=8-12) or FMF patients (n=15-
21) were treated with the indicated stimuli. Propidium iodide (Pl) incorporation was monitored every
5 min for 2 h. (C) The corresponding area under the curve (AUC) are shown. (D) IL-1B concentrations
were determined at 3 h post addition of the indicated molecules. (A) Mean and SEM of five to eight
independent experiments are shown. Each dot represents the mean value of a triplicate from one
experiment. RM one-way ANOVA with Dunnet's multiple comparisons test was performed. Etio *:
p=0.018; Pregna *: p=0.033 **: p=0.0042. (B) Mean and SEM of 8 to 21 individuals are show as
indicated, each one corresponding to the average of a biological triplicate. (C) Each dot corresponds
to the mean AUC of one individual performed in triplicates, the bar represents the mean of 8 to 21
individuals. (D) Each dot corresponds to the mean IL-1B concentrations of one individual performed in
triplicates, the bar represents the mean of 8 to 21 individuals. (C-D) One-way Anova with Sidak’s

multiple comparison test was applied; *p=0.015; ***p<0.001.
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Figure 7: PAAND mutations confer hyper-responsiveness to steroid catabolites.

(A-B) U937 cell lines expressing WT or the indicated PAAND MEFV variant were treated with the
indicated stimuli. Propidium iodide (Pl) incorporation was monitored every 15 min for 3 h. (C-G)
monocytes from PAAND patient(s) (red, n=4-6) or HD (black, n=8) were treated with the indicated
stimuli. (C) Propidium iodide (Pl) incorporation was monitored every 15 min for 4 h. (D) The
corresponding area under the curve (AUC) are shown. (E) IL-1B concentrations were determined in the
cell supernatant after 3 h of LPS treatment followed by 1 h 30 of the indicated treatment. (F-G) ASC
speck formation (indicated by yellow arrows) were monitored by immunofluorescence at 90 min post
treatment. (F) Representative images are shown. The scale bars correspond to 10 and 2.5 uM, in the
main pictures and insets, respectively. (G) Quantification is shown. (A-B) One experiment
representative of three independent experiments is shown. (A-B) Mean and SEM or (C) mean of
triplicates are shown. (D, E) Each dot represents the mean of a triplicate for one individual. The bar
represents the mean +/- SEM. One way ANOVA with Sidak's correction for multiple test was
performed. (D) **: p=0.0011; ***: p=<0.001; a.u.: arbitrary units. (E) Etio 12 uM *:p=0.043; Pregna 50
MM *:p=0.016; Etio 100 uM **:p=0.0026; LPS Nig **:p=0.0064; ***: p=0.0001. (G) Kruskal-Wallis test
with Dunn's multiple comparison was performed. Each dot corresponds to the percentage of ASC
specks based on more than 100 cells counted per condition. Each dot represents the value for one

individual. The bar represents the mean +/- SEM.
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Name Structure LogP Name Structure LogP
i ] 21, P
Etiocholanolone 5B-Pregnan-3a,11a-diol -20-one /
(3o-hydroxy 5g-androstan-17one) 4.2 HO, 17
Hi
H
21
Pregnanolone 5B-Pregnan-3a,11B-diol -20-one /
(3a-hydroxy 5p-Pregnan-20one) 4.8 HO, 17
Hi H
H H
OH 21 /O
Testosterone 3a-hydroxy 5B-Pregnan-11,20-dione O\\ 17
41
O// H
H
(o] 21 9}
4 : 4
Progesterone 5B-Pregnan-3a, 17diol-20-one “ ; OH
47
& H
o H
OH
0,
Cortisol HQ, N 1
ortiso OH 26 5B-Pregnan-3a-ol
Hi
/
0/ H
OH o]
o) Ho~ N\
Tetrahydro-cortisol HO \ oH 5B-Pregnan-3a,21-diol-20-one 1" 17
28
Hi
H H
H
P i
Pregnanolone-sulfate V4 5B-Pregnan-3a,21-diol-20-one
1 0 O
4 58 21-hemisuccinate ¥ ‘\H/'\/ No NS
NaO, o} ’ ) 1 17
A4
7\
O
H H
3B-hydroxy 5B-androstan-17one Androsterone
4.2

Table S1: Compounds present in the Prestwick library ("FDA-approved" 2013 version) and final

concentration used in the screen (related to figure 1).
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Figure S2: Long treatment with low concentrations of steroid catabolites do not trigger

human monocyte death and Calyculin A blocks etiocholanolone and

pregnanolone- mediated pyrin activation.

(A) Primary monocytes from healthy donors (HD, n=3-2) were pre-treated with
pregnanolone (6 pM) or etiocholanolone (12 pM) for 1 h followed by addition of
UCN-01.Cell death was monitored every 5 min for 6-13 h. UCN-01 alone triggers
delayed apoptosis while low concentrations of steroid catabolites are inactive in
the absence of UCN-01. (B) Primary monocytes from healthy donors (HD, n=4)
were primed 3 h with LPS (10 ng/ml), pre-treated with Calyculin A (40 nM) for
30 minutes and treated with etiocholanolone (100 uM) or pregnanolone (50 pM).
IL-1B concentrations were determined in the cell supernatant 1 h 30 after the
final treatment. (C) Doxycycline- induced, PMA-differentiated U937 macrophages
expressing WT pyrin were primed 3 h with LPS (50 ng/ml), pre-treated with
Calyculin A (40 nM) for 30 minutes and treated with etiocholanolone (100 uM) or
pregnanolone (50 uM). IL-1 concentrations were determined in the cell
supernatant 3 h after the final treatment. (D) U937 cells expressing WT pyrin (in
the presence of doxycycline) were pre-treated with Calyculin A (40 nM) for 30
minutes and treated with etiocholanolone (100 uM) or pregnanolone (50 puM).
Cell death was monitored by following propidium iodide incorporation every 5

min for 3 h.

Data information: (B) each dot represents the value for one HD. Ordinary one way ANOVA with Holm-Sidak's

multiple comparison test was performed. *p<0.005. (C-D) One experiment with technical triplicates representative

of three independent experiments is shown.
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Figure S3: The response to steroid catabolites is conserved in neutrophils but

not in lyvmphocytes and is caspase-1-dependent, and NLRP3-independent in

monocytes.

(A) Propidium iodide incorporation in neutrophils from one HD treated with
pregnanolone or etiocholanolone was monitored every 5 min for 2 h. (B) Primary
monocytes and lymphocytes from healthy donors (n=3) were treated with
etiocholanolone (100 uM), pregnanolone (50 uM) or TcdB (125 ng/ml). Cell
death was monitored every 5 min for 8 h. (C) MEFV, CASPASE-1, PYCARD, GSDMD
gene expression levels in monocytes, NK cells and lymphocytes as determined by
RNAseq. (D) HD monocytes (n=3) were treated with LPS for 2 h 30 followed by
addition or not of (B) the caspase-1 inhibitor VX-765, (E) the NLRP3 inhibitor
(MCC950) and 30 min later of the indicated molecules. IL-13 concentrations were

determined in the cell supernatant 1 h 30 after the final treatment.

Data information: (A) One experiment representative of two independent experiments is shown.

Mean and SEM of a technical triplicates are shown. Cell death was normalized using untreated
neutrophils (0%) and Triton X100-treated neutrophils (100%). (B) each dot represents the mean of
three healthy donors values each one from a technical triplicate. SEM is shown. (C) Each dot represents
one RNAseq value fromone healthy donor extracted from the database of Immune Cell Expression:
https://dice-database.org/). (D-E): Each dot represents the value of one HD (mean of a triplicate). The
bar represents the mean +/- SEM of 3 HD values. Matched one-way ANOVA with Sidak's multiple

comparisons test was performed to compare untreated vs. VX-765-treated samples. *: p<0.05.
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Supplemental Fig. S4: Increasing pregnanolone doses overcome colchicine inhibition

and low concentrations of catabolites synergize with low TcdA doses for pyrin

inflammasome activation.

(A) Monocytes from HD (n=3) were treated with colchicine and 30 min later with

Pregnanolone (50-100-200 uM). IL-13 concentration in the supernatant was

quantified at 3 h post-addition. Values obtained in the presence of inhibitors
were normalized to the value obtained without the inhibitor. (B) U937 cells
expressing WT pyrin (in the presence of doxycycline) were treated with
etiocholanolone or TcdA. Cell death was monitored by following propidium
iodide incorporation every 5 min for 7 h. The dotted vertical lines indicate the
time points at which U937 cells were collected in a parallel experiment to assess
RhoA inhibition (see Fig. 4D; 1, 2, 3 h for etiocholanolone and 3, 6 hfor TcdA
treatment). (C-D) U937 cells expressing WT pyrin (in the presence of
doxycycline) were pre-treated with etiocholanolone or pregnanolone for 1h and
treated with TcdA at the indicated concentrations. Cell death was monitored by
following propidium iodide incorporation every 5 min for 8 h. (D) The Area Under
the Curve (AUC) was computed for 3 different experiments. (E) Doxycycline-
induced, U937 monocytes expressing WT pyrin were treated as in (C-D). IL-18
concentration in the supernatant was quantified at 6 h post-treatment. (F) U937
cell lines expressing the indicated 3xFlag-MEFV variants were analysed by
Western blot in the presence or absence of doxycycline (Dox). Actin was used as

a loading control.
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Supplemental Fig. S5: Alignment of human, mouse and macaca fascicularis pyrin

proteins and validation of cell lines with ectopic expression of human, mouse,

macaque or chimeric pyrin.

(A) The PYD, the two critical serine residues, the B-Box, Central Helical scaffold
(CHS) and B-30.2 domains are shown. (B-C) Western blot analysis of U937 (left
panel) or J774 (right panel) cells expressing 3xFlag-pyrin from the indicated
species or the indicated chimeric proteins. Cells were treated or not with
doxycycline (DOX) and cell lysateswere analysed with anti-Flag (top panel) or
anti-actin (bottom panel) antibodies. (D) U937 cell lines expressing the
indicated chimera were treated with Etiocholanolone(100 uM). Propidium

iodide (PI) incorporation was monitored every 5 min for 12 h.
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Supplemental Fig. S6: Western blot analysis of U937 cell

expressing p.V726A pyrin.

U937 cell lines expressing the indicated pyrin variants were
treated or not with doxycycline (Dox) and cell lysates were
analysed with anti-pyrin (top panel) or anti- actin (bottom panel)
antibodies. Cell lines expressing WT, M694V and M680I pyrin

variants have been previously characterized.

101



Pyrin

Actin

20 KDa

25 KDa

mqn KDa

Etiocholanolone 12pM

Cel death
(Pi incorporation %total)

1200,

= E244K

= 5242R
- G230A

—~=5208C
-E167D
~WT
sae +E1480Q
5+ T2671

100 KDa

2 600

i

Etiocholanclone 12uM

Pregnanolone 6pM

-

Ceill death
(Pi incorperation %total)

Time (h)

C
Etiocholanolone 12pM Pregnanolone GuM
800+ . .
8004 N
g‘"ﬂ' % % & 4004 .
é . ¥ 5 % ‘i‘ -
* : H
MEWEMQ§§E EMEFVEncgggE &
SEIEEER SEiEEER

102

Cell death
(Fi incorporation %total)

Pregnanclone GpM

stHE

* HDn=8
© PAAND n=4

Pregnanoclone 50 pM

G

rs
1

Time (h)



Supplemental Fig. S7: PAAND patients monocytes present a strong

increase in steroid catabolites responses compared to HD. (A)

Western blot analysis of U937 cell expressing p.E244K pyrin
variant. U937 cell lines expressing the indicated pyrin protein
were treated or not with doxycycline (Dox) and cell lysates were
analysed with anti-Pyrin (top panel) or anti-actin (bottom panel)
antibodies. Cell lines expressing WT, S208C and S242R pyrin
variants have been previously characterized 11. (B) U937 cells
expressing MEFV exon 2 variants of unknown significance or WT
MEFV were treated with low doses of etiocholanolone or
pregnanolone. Cell death was monitored every 5 min for 3 h. The
Area Under the Curve (AUC) was computed for 3-4 different
experiments. (C) Doxycycline-induced, PMA-differentiated U937
macrophages expressing MEFV exon 2 variants of unknown
significance or WT MEFV, were primed with LPS during 3 h and
treated with low doses of etiocholanolone or pregnanolone. IL-1f3
concentration in the supernatant was quantified at 3 h post-
treatment. (D) Monocytes from PAAND patients (red, n=4) or HD
(black, n=8) were treated with pregnanolone (50 uM). Cell death/
propidium iodide incorporation was monitored in real time every
15 min for 4 h. Each dot corresponds to the average of a triplicate

for one individual.
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Supplemental Fig. S8: Bone marrow derived macrophages

(BMDM) from human B30.2 knock-in mice do not respond to

steroid catabolites.

BMDM from mefvKl hB302p.M694V mijce harbouring human B30.2
domain in fusion with murine pyrin protein were treated with the
indicated steroid molecules for 1 h followed by addition (or not) of
staurosporine (1 uM) for 3 h. IL-1B concentrations were
determined in the cell supernatant 4 h after steroid addition.
Androsterone (Andro) was used as a negative control based on Fig.
2C results. Etiocholanolone and pregnanolone treatment did not
differ from androsterone treatment in the presence or absence of
the PKC superfamily inhibitor, staurosporine, used here to trigger
pyrin step 1. One way ANOVA with Sidak's multiple comparisons

test was performed. N.S.: not significant
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Supplemental Fig. S9: p.P373L  MEFV variant confers

responsiveness to nanomolar concentrations of steroid catabolites.

U937 cells expressing the indicated MEFV variant (green p.P373L;
blue WT) were treated with doxycycline for 16 h followed by
addition of pregnanolone or etiocholanolone at various

concentrations. Cell death was measured at 3 h post-addition.

Data information: One experiment representative of three independent experiment is shown. Mean

and SEM of triplicates are shown. Non-linear regression curve computed using least squares fit

method is shown.
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Supplemental Fig. S10: Etiocholanolone and pregnanolone

trigger

steroid fever in humans.

Figure from 43. Historical evidence that intravenous injection
of etiocholanolone (top panel) or pregnanolone (bottom
panel) trigger fever in humans. Results from 4 individuals

healthy volunteers are shown.
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Results. Part 2

Context

The second part of the Results section consists of a scientific article ready for submission, the targeted

journal is Cell Death and Differentiation.

Work on this article was performed in parallel with the article presented in Part 1, the two articles are
complementary. Here, we focused on establishing the role of B30.2 as a negative regulator of pyrin
inflammasome —a role long suspected but never before clearly demonstrated. We further investigated
the role of another pyrin domain, the CHS, to discover that it also plays an important part in pyrin

regulation. Additionally, we further characterized pyrin sensing of steroid hormone catabolites.
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Abstract

Familial Mediterranean Fever (FMF) is the most common monogenic autoinflammatory disorder. FMF
is caused by mutations in the MEFV gene, encoding pyrin, an inflammasome sensor. The best
characterized pathogenic mutations associated with FMF cluster in exon 10 although mutations have
been described along the whole MEFV coding sequence. Exon 10 encodes the B30.2 domain of the
pyrin protein, but the function of this human-specific domain remains unclear. Pyrin is an
inflammasome sensor detecting RhoA GTPase inhibition following exposure to bacterial toxins such as
TcdA. Here, we demonstrate that B30.2 is dispensable for pyrin inflammasome activation in response
to this toxin. Deletion of B30.2 domain mimics the most typical FMF-associated mutation and confers
spontaneous inflammasome activation in response to pyrin dephosphorylation. Our results indicate
that the B30.2 domain is a negative regulator of the pyrin inflammasome that acts independently from
and downstream of pyrin dephosphorylation and independently of caspase-1. Additionally, we identify
the central helical scaffold of pyrin, which lies immediatly upstream of the B30.2 domain as a second
regulatory domain. Mutations affecting the CHS domain mimic pathogenic mutations in the B30.2
domain and leave pyrin inflammasome activation under the sole control of the dephosphorylation. In
addition, specific mutations in the CHS domain strongly increase the cell susceptibility to steroid
catabolites, recently described to activate pyrin, in both a cell line model and in monocytes from
genotype-selected FMF patients. Taken together, our work reveals the existence of two distinct
regulatory regions at the C-terminus of the pyrin protein, that act in a distinct manner to regulate
positively or negatively inflammasome activation. Furthermore, our results indicate that different
mutations in pyrin regulatory domains have different functional impacts on the pyrin inflammasome

which could account for the different subsets of pyrin-associated autoinflammatory diseases.
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Introduction

Inflammasomes are multiprotein platforms assembled in the cytosol upon sensing of microbial
infections, danger signals, or alteration of the cell homeostasis (F. Martinon et al., 2002).
Inflammasome activation leads to activation of the pro-inflammatory caspase-1, release of IL-1p and
IL-18. In most cases, inflammasome activation leads to a fast cell death, termed pyroptosis which
results from caspase-1-mediated cleavage of the pore-forming protein, gasdermin D. Inflammasomes
participate in the innate immune defenses (Broz and Monack, 2011). Yet, inflammasomes are also
involved in deleterious inflammatory processes. Particularly, mutations in genes encoding various

inflammasome sensors are responsible for rare autoinflammatory diseases (Manthiram et al., 2017).

Pyrin is an inflammasome sensor acting as a guard of RhoA GTPases activity. Various bacterial toxins
(such as Clostridioides difficile toxin A, TcdA) or effectors inhibit RhoA and trigger pyrin activation. The
mechanisms linking RhoA inhibition to pyrin activation have been partly solved (Magnotti et al., 2019;
Masters et al., 2016; Park et al., 2016). At steady state, RhoA activates its effectors including PKN1 and
PKN2, two kinases that phosphorylate pyrin on two serine residues (5208 and S242). Phosphorylated
pyrin interacts with 14-3-3 chaperone proteins that sequester pyrin away from the inflammasome
adaptor, ASC (Gao et al., 2016; Jeru et al., 2005; Van Gorp et al., 2016). Inhibition of RhoA and the
ensuing deactivation of PKN1/2 leads to the PP2A-mediated dephosphorylation of pyrin (Malik et al.,
2022). Yet, this is not sufficient to trigger pyrin inflammasome activation. Another poorly understood
mechanism controls pyrin inflammasome activation downstream of pyrin dephosphorylation in a
microtubule-dependent manner (Gao et al., 2016; Magnotti et al., 2019; Van Gorp et al., 2016). In
addition to RhoA inhibition, we and others recently identified steroid metabolites/analogues that can

activate pyrin in a B30.2-dependent manner (Alimov et al., 2019; Magnotti et al., 2021).

Mutations in MEFV, the gene encoding pyrin, cause two autoinflammatory diseases, familial
Mediterranean fever (FMF) and pyrin-associated autoinflammation with neutrophilic dermatosis
(PAAND) (“A candidate gene for familial Mediterranean fever. The French FMF Consortium,” 1997
Jamilloux et al., 2018; Masters et al., 2016; The International FMF Consortium, 1997). PAAND are
caused by mutations affecting the phosphorylated serine or neighboring residues involved in the
interaction with 14-3-3 proteins (Masters et al., 2016; Moghaddas et al., 2017). The link between
genotype and phenotype in FMF is more complex and less understood (Touitou, 2001). The
prototypical FMF disease is a recessive disease due to bi-allelic mutations in MEFV exon 10, encoding
pyrin B30.2 domain with the most frequent pathogenic mutation being p.M694V. FMF-associated
MEFV mutations deregulate the pyrin inflammasome in monocytes by lifting the requirement for an

intact microtubule network (Shiba et al., 2019; Van Gorp et al., 2016), by invalidating pyrin regulatory
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mechanism 2 and leaving its activation under the sole control of its dephosphorylation (Magnotti et
al., 2019). These mutations result in pyrin inflammasome demonstrating a lower threshold of
activation to specific pyrin agonists (Jamilloux et al., 2018) and higher responses to LPS exposure
(Omenetti et al., 2014). Beside MEFV exon 10 mutations, a number of patients with a clinical diagnosis
of FMF have MEFV mutations affecting other exons (Touitou, 2001). In addition, a number of these
mutations results in FMF diseases with a dominant inheritance pattern (Aldea et al., 2004; Rowczenio
et al., 2020). Most of these mutations are of unknown significance due to their rare frequency in the

human population and due to lack of knowledge on the role of affected domain in pyrin regulation.

Here, we studied the role of the two C-terminal domains of pyrin in inflammasome activation in
response to diverse stimuli to increase our knowledge on the regulatory mechanisms controlling pyrin

inflammasome activation and the impact of FMF-associated mutations.

Results

B30.2 domain is dispensable for pyrin activation in response to TcdA

Pyrin is a multidomain protein containing a PYD domain, a linker domain containing the two critical
phosphorylation residues and encoded by exon 2, a B-box domain, a central helical scaffold and a B30.2
domain. The role of each domain in pyrin inflammasome activation is still unclear. To answer this
question, we used the human monocytic cell line, U937 and generated cell lines stably expressing
doxycycline-inducible pyrin variants that lack one of the domains (Fig.1A). U937 cells stably expressing
the classical FMF-associated MEFV variant p.M694V were also included as a control. The obtained
monocytes were first stimulated with C. difficile toxin A (TcdA) and IL-18 release was monitored as an
inflammasome readout (Fig. 1B). Cells expressing the pyrin variant lacking the B30.2 domain (AB30.2)
responded to TcdA and secreted similar or even slightly higher IL-18 levels than cells expressing WT
pyrin. In contrast, all the other domain deletions strongly decreased (coiled-coil domain deletion) or
abolished IL-18 secretion in response to TcdA. Cells expressing p.M694V pyrin secreted higher level of
IL-18 than cells expressing WT pyrin in agreement with the hyper-reactivity of primary monocytes from
FMF patients to clostridial toxins (Honda et al., 2021; Jamilloux et al., 2018). Undifferentiated U937
cells are deficient for IL-1B production. U937 cells were thus differentiated into macrophages using
PMA and LPS was used to induce proll-1B expression. Similarly, PMA-differentiated U937
macrophages expressing AB30.2 pyrin variant released high levels of IL-1pB (Fig. 1C) while all the other
cell lines expressing deletion mutants led to minimal IL-1f secretion. No major differences in IL-18 or
IL-1B secretion were observed following treatment with the NLRP3-specific stimulus LPS + nigericin

(Fig.1 D-E), indicating that the pyrin exon 2-encoded phosphorylated linker domain, the B-box and the
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coiled-coil domains are specifically required for inflammasome cytokines secretion in response to the
pyrin-specific stimulus TcdA. These results indicated that the B30.2 domain is dispensable for pyrin

activation in response to TcdA.

Deletion of the B30.2 domain suppresses pyrin regulatory step 2.

We have previously demonstrated that FMF-associated p.M694V/I or p.M680I mutations lead to the
loss of a regulatory mechanism and to the exclusive control of the pyrin inflammasome by
phosphorylation/dephosphorylation (Magnotti et al., 2019). This defect can be functionally evidenced
by treating cells with a PKC superfamily inhibitor UCN-01, that inhibits PKN1 and PKN2, leading to pyrin
dephosphorylation (Magnotti et al., 2019). Interestingly, AB30.2 pyrin expressing cells released high
levels of IL-18 in response to UCN-01. As expected, cells expressing WT pyrin did not release IL-18 in
contrast to cells expressing p.M694V variant (Fig. 2A). Similarly, upon differentiation into macrophages
and treatment with UCN-01, only cells expressing p.M694V or AB30.2 MEFV variants led to a markedly
greater secretion of IL-1B than WT pyrin-expressing cells (Fig. 2B). These results suggest that deletion
of the B30.2 domain abolishes the second pyrin regulatory mechanism to leave pyrin activation under

the sole control of pyrin dephosphorylation.

To confirm this phenotype genetically without relying on a chemical inhibitor, we generated a U937
cell line invalidated for step 1 inhibitory mechanism (p.S08C/S242R phospho-null mutations) on a
AB30.2 background. The phospho-null mutations combined with the p.M694V mutation
(p.S208C/S242R/M694V) yield to a constitutively activated pyrin inflammasome (Magnotti et al.,
2019). The corresponding cell line was used as a positive control. Importantly, doxycyline-mediated
induction of p.5208C/S242R/AB30.2 pyrin variant was sufficient to trigger cell death indicating that this
protein is constitutively activated (Fig. 2C, D). Due to the high doxycycline-induced cell death, these
cell lines barely responded to UCN-01 stimulation in contrast to p.M694V or AB30.2 single mutants
(Fig. 2C, E). Similarly, induction of the p.S208C/S242R/AB30.2 pyrin protein led to potent IL-18
secretion in the absence of any additional stimulus (Fig. 2F). These results indicate that deletion of the
B30.2 domain fully invalidated pyrin regulatory mechanism 2 and, when combined with mutations
invalidating pyrin regulatory mechanism 1, led to constitutive activation of this pyrin variant. Taken
together these results demonstrate that the B30.2 domain of pyrin acts as a negative regulator of pyrin
activation following TcdA treatment, UCN-O1-mediated dephosphorylation or genetic invalidation of

phosphorylation sites.

The B30.2 domain-mediated regulation acts downstream of pyrin dephosphorylation, upstream of

ASC speck formation and, independently from caspase-1.
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The above results suggest that pyrin B30.2 domain-mediated regulation acts on pyrin regulatory
mechanism 2 and not on the first regulatory mechanism associated with pyrin
phosphorylation/dephosphorylation. Since the impact of FMF-associated, B30.2-affecting point
mutations on phosphorylation is unclear (Gao et al., 2016; Magnotti et al., 2021; Park et al., 2016; Van
Gorp et al., 2016), we investigated the impact of B30.2 deletion on pyrin dephosphorylation. Although
at steady state, the AB30.2 pyrin protein was expressed at higher level than WT or p.M694V protein
variants (possibly reflecting a greater stability), B30.2 deletion had no impact on UCN-01-mediated
pyrin dephosphorylation (Fig. 3A-B). The B30.2-mediated regulation thus likely occurs downstream of
pyrin dephosphorylation.

To further map the B30.2-mediated regulation along the pyrin inflammasome activation process, we
monitored ASC speck formation following UCN-01 treatment. As expected, and in line with the results
presented above, UCN-01-mediated pyrin dephosphorylation was sufficient to trigger ASC speck
formation in cells expressing p.M694V or AB30.2 pyrin variants (Fig 3, C-D). Cells expressing WT pyrin
did not display any increase in ASC speck formation in the presence of UCN-01 (i.e. upon pyrin
dephosphorylation). These results thus indicate that the B30.2-mediated regulation takes place

downstream of pyrin dephosphorylation but upstream of ASC speck formation.

The B30.2 domain has been shown to interact with caspase-1 leading to the hypothesis that the B30.2
domain could regulate pyrin inflammasome through caspase-1 inhibition (Arakelov et al., 2018; Chae
et al., 2006, p. 2; Fayez et al., 2022). The above results demonstrate that the B30.2 domain regulate
pyrin activation upstream of ASC speck formation suggesting that it may act independently of caspase-
1. To validate this finding, we transduced the various pyrin mutants in caspase-1-deficient cells and
quantified ASC speck formation in response to UCN-01 (Fig. 3C). ASC speck formation was slightly
higher in these cells likely due to the lack of caspase-1-mediated pyroptosis. Yet, in the absence of
caspase-1, UCN-01 increased ASC speck formation in AB30.2 pyrin-expressing cells but not in WT pyrin-
expressing cells clearly indicating that B30.2 negatively regulates pyrin inflammasome activation
downstream of the dephosphorylation, upstream of ASC speck formation and independently of
caspase-1. Since p.M694V mimics B30.2 deletion for all the above assays, these results suggest that
the p.M694V mutation fully abolishes the negative regulatory function of this domain. This exon 10-
encoded mutation may thus be classified as a loss-of-function mutation with regard to the functionality
of the B30.2 domain (loss of the negative regulation) and thus a as gain of function in term of the full

protein.

Mutations in the Central Helical Scaffold phenocopy B30.2 pathogenic mutations in terms of UCN-

01-mediated responses.
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Structural data on the C-terminal part of the pyrin protein indicates that the B30.2 domain interacts
with another domain, termed the central helical scaffold which is made of coiled-coil a helices. This
272 amino acid-long domain (from 414 to 586), encoded by MEFV exons 3-8, has a function largely
unknown and mutations affecting this domain mostly result in MEFV variants of unknown significance

(Milhavet et al., 2008).

We thus generated five distinct U937 cell lines expressing MEFV variants of unknown significance
identified in patients. These variants (p.Q426R; p.H478Y; p.F479L; p.E552D; p.L559F) present
mutations in various section of the CHS domain (Fig. 4A). All these constructs were expressed under a
doxycycline-inducible promoter. Addition of doxycycline induced all these variants (Supplemental Fig.
S2A) but did not trigger substantial cell death indicating that the corresponding proteins are not
constitutively activated. We then assessed the impact of each of this variant on TcdA-triggered
responses. Cells expressing the dominant p.H478Y variant behaved like cells expressing p.M694V
variant and underwent cell death significantly faster than WT MEFV-expressing cells (Fig. 4B-C). A
similar trend, although not statistically different from WT was observed for cells expressing p.Q426R,
p.F479L and p.L559F. Cells expressing p.E552D MEFV variant had a milder and more variable
phenotype than all the other cell lines. LPS + nigericin-mediated cell death was similar in all the cell
lines (with some kinetics difference potentially linked to a cross-talk between pyrin and NLRP3
inflammasomes (Omenetti et al., 2014)) (Supplemental Fig. S2B-D). IL-1B quantification led to the same
conclusions with TcdA-mediated responses statistically greater in cells expressing p.H478Y and
p.M694V MEFV variants (Fig. 4D). Thus, in agreement with Honda and colleagues (Honda et al., 2021),
we observed that different mutations within MEFV, including p.M694V, lead to different level of
enhancement of TcdA-triggered responses. This suggests that different CHS-targeting mutations may

cause different level of deregulation of the pyrin inflammasome.

To confirm this, we switched to UCN-01, which better discriminates whether the variants behave like
the prototypical p.M694V variant (Honda et al., 2021; Magnotti et al., 2020, 2019). Three of these
variants-expressing cell lines (p.Q426R, p.H478Y and p.F479L) responded to UCN-01 and underwent a
rapid cell death, previously characterized as a pyroptotic cell death (Fig. 4E-F). This inflammasome
response was confirmed by quantifying IL-18 secretion (Fig. 4G). Cell lines expressing p.E552D and
p.L559F did not display any major phenotype in term of UCN-01-mediated cell death although IL-18
dosage (a more sensitive technique) suggests that these two mutations may partially deregulate pyrin
inflammasome (Fig. 4G). To genetically strengthen these findings, the 5 CHS mutations were combined
to p.5208C/p.S242R mutations. These results (Fig. 4H-J) confirmed the major phenotype of p.Q426R,
p.H478Y (and as expected p.M694V). p.F479L, p.E552D and p.L559F also caused substantial
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deregulation of the pyrin inflammasome responses when combined to p.5208C/p.5242R mutations

although it was not statistically significant in all the assays.

Overall, these results indicate that specific CHS-affecting mutations mimic pathogenic FMF mutations
affecting the B30.2 domain (e.g. p.M694V) and activate the pyrin inflammasome following
dephosphorylation. Based on these cellular phenotypes, they should thus be qualified as pathogenic
mutations. Interestingly, these assays clearly indicate that the different mutations have different
guantitative impact on the pyrin inflammasome mirroring the clinical FMF presentations that rank

from mild to severe (Touitou, 2001).

Distinct mutations in the CHS domain render pyrin highly susceptible to low doses of steroid

catabolites.

We recently identified that the pyrin inflammasome can be activated by pregnanolone and
etiocholanolone, two catabolites from the steroid hormones, progesterone and testosterone. This
response is dependent on the B30.2 and on the CHS domains (Magnotti et al., 2021). We thus
wondered whether the identified pathogenic mutations also affected the response to steroid
catabolites. U937 cell lines expressing the different MEFV variants were thus treated with increasing
concentrations of pregnanolone, and the concentration required to trigger 50% cell death (EC50) was
determined. Strikingly, two mutations, p.Q426R and p.F479L, decreased pregnanolone EC50 by >50-
fold (Fig. 5A). Indeed, 2 uM of pregnanolone killed 50% of p.F479L or p.Q426R-expressing cells (EC50
=1.9*/.2.6 uM; n=5 and EC50 =2.1 */. 3.6 uM; n=6, respectively), while EC50 for WT MEFV-expressing
cells was 110 */. 27 uM; (n=7) (Fig. 5B). Similar differences were observed in response to
etiocholanolone although not as drastic potentially due to the lower ability of etiocholanolone to
activate the pyrin inflammasome. As previously described (Magnotti et al., 2021), cells expressing
p.M694V did not demonstrate a substantial reduction in EC50. Surprisingly, cells expressing p.H478Y
variant were largely resistant to etiocholanolone and to a lower extent to pregnanolone. These results

suggest that mutations affecting the CHS have divergent effect on the steroid catabolites response.

To get insights into the molecular mechanism, we investigated pyrin S242 phosphorylation at steady
state and upon exposure to low (6 uM) or high (50 uM) doses of pregnanolone. In contrast to the high
doses, low doses of pregnanolone do not promote WT pyrin dephosphorylation (Magnotti et al., 2021).
No major differences were seen in terms of steady state phosphorylation levels in the different cell
lines (Fig. 5C). Yet, low doses of pregnanolone significantly triggered dephosphorylation of pyrin in cells

expressing p.Q426R or p.F479L MEFV variants (Fig. 5C). In agreement with the high doses required to
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trigger pyrin activation, pyrin dephosphorylation was only observed at 50 uM in the other cell lines.

Similarly, UCN-01 triggered dephosphorylation in all the cell lines.

Altogether, these data indicate that distinct CHS mutations trigger distinct pyrin inflammasome
deregulation. While we failed to observe any strong phenotype for p.E552D and p.L559F, three
mutations (p.Q426R, p.H478Y, p.F479L) behaved as the prototypical FMF exon 10 mutation p.M694V
and rendered the pyrin inflammasome controlled only by dephosphorylation. Interestingly, only two
of these (p.Q426R and p.F479L) had a further deregulation of pyrin inflammasome responses with a

heightened sensitivity to steroid catabolites.

Primary human monocytes from patients presenting the p.F479L mutation demonstrate pyrin

inflammasome response to low doses of steroid catabolites.

p.Q426R and p.F479L are rare to very rare mutations (Supplementary Fig. S3A). Six compound
heterozygous FMF patients from three independent families with p.F479L-p.E167D/p.V726A
mutations were identified in three recruiting centers. The p.E167D mutation co-segregates with the
p.F479L mutation in a complex allele (Supplementary Fig. S3B). U937 cells expressing p.E167D MEFV
variant showed similar phenotypes as WT MEFV-expressing cells (Supplementary Fig. S3C-P)
suggesting that this variant is likely a benign polymorphism and does not affect in a substantial way
WT or p.F479L pyrin responses. p.V726A variant is usually associated with incomplete penetrance or
milder forms of the disease (Touitou, 2001). Yet, all the patients displayed typical FMF disease
(Supplementary table 1) strongly suggesting that, in agreement with the above results and with
previous studies (Honda et al., 2021; Magnotti et al., 2020), the p.F479L MEFV variant is pathogenic.
Indeed, primary monocytes from patients presenting the p.F479L-p.E167D/p.V726A genotype
responded to UCN-01 by secreting IL-1B (Fig. 6B). As expected, monocytes from healthy donors did not
demonstrate substantial production of IL-1B in response to UCN-01 while their pyrin inflammasome
could be triggered by TcdB (Fig. 6A). We then investigated whether primary monocytes from these
patients responded to low doses of the steroid catabolites pregnanolone and etiocholanolone (6 UM
and 12 uM, respectively). As observed with U937 cells, primary monocytes bearing the p.F479L
mutation released IL-1B in response to low doses of pregnanolone and etiocholanolone (Fig. 6C, 6D)
while monocytes from HD did not. A large difference in IL-1B secretion between monocytes from HD
and patient bearing the p.F479L was also seen at higher doses of steroid catabolites (50 and 100 uM)
although at these doses, inflammasome activation was observed in primary monocytes from HD (Fig
6C, D). Similar results were observed when investigating primary monocytes cell death in real time (Fig.
6E-M). Indeed, primary monocytes from p.F479L expressing patients died in response to low doses of

pregnanolone and etiocholanolone (Fig. 6F, I, M) in contrast to monocytes from HD. At higher doses
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of steroid catabolites, cell death was more extensive in primary monocytes from p.F479L-expressing
patients than in monocytes from HD (Fig. 6E, H). As observed with IL-1B secretion (Fig. 6C, 6D), these
differences were largely ablated in the presence of both steroid catabolites and UCN-01 suggesting
that the p.F479L mutation may affect a coupling mechanism between low doses of steroid catabolites

and dephosphorylation.

Altogether, these results validate in primary patients bearing the p.F479L mutation that particular FMF

mutations render pyrin inflammasome sensitive to low doses of steroid catabolites.

Discussion

In contrast to other inflammasome sensors such as NLRP3 (Bauernfeind et al., 2009; Py et al., 2013, p.
3; Stutz et al., 2017), the regulation of pyrin is still largely unknown. Phosphorylation of two key serine
residues is central to the activation mechanism (Gao et al., 2016; Masters et al., 2016). The microtubule
network is also key to pyrin inflammasome activation (Gao et al., 2016; Magupalli et al., 2020, p. 6;
Mansfield et al., 2001; Van Gorp et al., 2016; J. W. Yu et al., 2007) although the mechanisms are still
unclear. The roles of pyrin domains in the pyrin regulation are still largely unknown. The B30.2 domain
has long been hypothesized to negatively regulate human pyrin. Yet, the experimental evidence
sustaining this negative regulation are sparse. Furthermore, the proposed mechanisms vary from
interaction with NLRP3 to mediate autophagy-mediated degradation (Kimura et al., 2015) to direct
interaction with caspase-1 or IL-1f to directly regulate these inflammasome mediators (Arakelov et al.,
2018; Chae et al., 2006; Papin et al., 2007; Weinert et al., 2015). Here, we clearly demonstrate that the
B30.2 domain is dispensable for pyrin inflammasome response in response to TcdA. This result is fully
in line with results obtained in mice in which pyrin is naturally devoid of the B30.2 domain (Xu et al.,
2014) and with recent data obtained in U937 cells infected with Y. pestis (Park et al., 2020). Not only,
the B30.2 domain is dispensable, but our data show that deletion of this domain renders the activation
of the pyrin inflammasome under the sole regulation of the dephosphorylation of the serine residues
208 and 242. This observation thus suggests that the B30.2 domain negatively control pyrin
inflammasome activation downstream of the dephosphorylation. Importantly, we were able to
observe the B30.2-mediated regulation when investigating ASC speck formation in CASP1*° cells.
Altogether these results demonstrate that the B30.2 regulate pyrin inflammasome activation
downstream of the dephosphorylation and upstream of ASC speck formation hence regulating the step

2 of pyrin inflammasome cascade.

Surprisingly, in response to TcdA, we did not observe higher IL-1 or IL-18 responses in AB30.2-MEFV-
expressing cells compared to WT MEFV-expressing cells while p.M694V MEFV-expressing cells showed
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higher responses. Thus, while the B30.2 deletion mimics p.M694V mutation in terms of loss of step 2
regulation, the B30.2 domain may also, at least when mutated in position p.M694V, positively regulate

inflammasome activation.

The B30.2 domain sits onto a flexible coiled-coil domain that has been termed the Central Helical
Scaffold (CHS). In the butyrophilin BTN31A1 protein that displays a similar domain sequence, the
coiled-coil domain is implicated in the signal transduction following binding of a small ligand in the
BTN3A1 B30.2 cavity. We thus made the hypothesis that the pyrin CHS domain may act together with
the B30.2 domain to regulate pyrin inflammasome activation. In agreement with this hypothesis,
several mutations along the CHS domains mimic p.M694V mutations and renders the pyrin
inflammasome activation under the sole control of the dephosphorylation. In WT pyrin, we
hypothesize that the CHS domain may transduce a negative signal initiated by the B30.2 domain. In
this model, pyrin activation would be negatively regulated by these two C-terminal domains acting
together to control pyrin step 2. More molecular characterization of pyrin protein and its

conformational changes remain to be performed to assess the validity of this model.

While most of the research on pyrin has focused on the B30.2 domain, our results indicate that the
CHS domain is a central regulator of pyrin inflammasome. Furthermore, this study and others (Aldea
et al., 2004; Honda et al., 2021) demonstrate that various mutations in the CHS are pathogenic and
validate that MEFV mutations outside exon 10 (i.e. affecting other domains than the B30.2 domain)
can cause FMF. These results thus highlight the need to sequence the whole MEFV gene to genetically

validate (or not) a clinical diagnosis of FMF.

Of particular interest, different mutations within the CHS domain have different impact on the
functionality of the pyrin inflammasome in response to steroid catabolites. Particularly, two mutations
(p.Q426R and p.F479L) decrease by a =100-fold the sensitivity of cells expressing pyrin to
pregnanolone. Interestingly, these two mutations maps to amino-acids at the interface between two
to three distinct alpha helices from two different CHS molecules within the CHS-B30.2 dimer (Weinert
et al., 2015). Modifications of the CHS conformation may allow to switch the B30.2 domain from a
closed to an open state (Weinert et al., 2015) and the two identified mutations may thus lock or

facilitate this switch.

We were not able to obtain neither primary cells nor clinical information from the single patient
bearing the p.Q426R mutation described so far (Milhavet et al., 2008). In contrast, we recruited 6
patients from three independent families bearing the p.F479L mutation. All these patients were i)

presenting a complex p.E167D/p.F479L allele 2) compound heterozygotes with p.V726A as the second
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mutation. Of note the p.V726A mutation is usually associated with mild form of FMF (Touitou, 2001).
The practitioners following these patients did not report any inflammatory flares related to life events
potentially associated with an increase in steroid sex hormones catabolism (puberty, pregnancy...).
Yet, for 5 out of 6 patients, arthralgia/ osteoarticular manifestations were mentioned, a clinical feature
previously reported in 43% of pediatric patients with two high penetrance MEFV mutations (p.M680I,
p. M694l, p.M694V) (Federici et al., 2012). Whether a steroid catabolite may be responsible for this

clinical manifestation is unclear.

Altogether, this study demonstrates that in the C-terminus of pyrin, the B30.2 and the CHS domains
regulate pyrin activation in particular by negatively regulating the step 2. MEFV mutations affecting
the serine residues or the B30.2 domain lead to two different diseases (PAAND and FMF). Here, we
identified that different mutations affecting the CHS domain differentially affect the pyrin
inflammasome response and potentially the clinical presentation of the patients. Thus, our study
strengthen the concept of a spectrum of MEFV mutations, affecting differently the regulation
mechanisms of the pyrin protein and leading to various Pyrin-Associated Autoinflammatory Diseases

(Boursier et al., 2019) with varying degrees of severity.

Materials and Methods

Mutagenesis and cell line generation

U937 cell lines expressing the different MEFV variants were generated as described in Magnotti et al,
2019. Briefly, MEFV variants were generated by site-directed mutagenesis using the QuickChange |l
Site-Directed Mutagenesis Kit (Agilent) or the Q5 Site-Directed Mutagenesis Kit (NEB) with primers
listed in the Supplementary table 2. The variants were cloned into the GFP-expressing lentiviral vector
pINDUCER21 under a doxycycline-inducible promoter through a 3xFlag derivative of pENTR1A vector
(Invitrogen). The resulting plasmids were used to produce lentiviruses in HEK293 cells. The human
myeloid cell line U937 (CelluloNet, Lyon, France) was transduced with the obtained lentiviruses.
Transduced cells sorted based on GFP expression on an Aria cell sorter. U937 cells were maintained in
RPMI 1640 medium with glutaMAX_| supplemented with 10% FCS, 1% Hepes, 1% Sodium Pyruvate,
2mM L-glutamate, 1% PSA. CASP1¥C cell lines were generated using the CRISPR/Cas9 method as

previously described by our group.

Cytokine detection and cell death assay

For real time cell death analysis, U937 cells were seeded at 5*10* cells per well in a black 96-well plate

(Costar, Corning) and treated with doxycycline (1ug/ml) overnight. Then, the cells were stimulated
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with relevant compounds, propidium iodide (P1) (5ug/ml final) was added to all wells and a readout
was immediately performed every 5 or 15 minutes for 3 — 16 hours on a thermostatic fluorimeter
(Tecan) with excitation wavelength of 535 nm (bandwidth 15 nm) and emission wavelength 635 nm
(bandwidth 15 nm). The obtained results were normalized with the use of Pl incorporation in cells

treated with Triton-X 1% as 100% cell death.

To assess IL-18 secretion, U937 cells were seeded at 2*10° cells per well of a 96-well plate and treated
with doxycycline (1ug/ml) overnight. The appropriate inflammasome stimuli were added and the cells
were incubated at 37°C with 5% CO, for 3 hours. The supernatant was collected and the concentration
in IL-18 was determined by ELISA with anti-human IL-18 antibody (4ug/ml, #D044-3, MBL, Woburn,
MA, USA) as capture antibody and anti-human IL-18 antibody coupled with biotin (20 ng/ml, #D045-6,
MBL) as detection antibody.

To assess IL-1B secretion U937 cells were seeded at 5*10* cells per well of a 96-well plate and treated
with 100 ng/ml of phorbol 12-myristate 12-acetate (PMA, Invitrogen) for 3 hours, then washed and
incubated with 1 ug/ml doxycycline overnight. The appropriate inflammasome stimuli were added and
the cells were incubated at 37°C with 5% CO; for 3 hours. The supernatant was collected and the

concentration in IL-1 was determined by ELISA (R&D Systems).

In each of these experiments three technical replicates were performed. The inflammasome stimuli
used were: UCN-01 at 12,5 pM without priming, TcdA at 1pg/ml without priming and Nigericin at 50
pg/ml following 3 hours priming with LPS 1 ug/ml.

HEK293t cell transfection, immunoprecipitation and immunoblot analysis

To examine pyrin phosphorylation, U937 cells were seeded 3*10° per condition in a 6-well plate and
incubated with doxycycline (1 ug/ml) overnight at 37°C with 5% CO2. The cells were then either treated
or not with Carfilizomib 100 ng/ml for 30 minutes, then UCN-01 12.5uM for 15 minutes.

To examine pyrin interaction with PKN1, HEK 293t cells were seeded 5*10° cells per condition in 12-
well plates, transient transfection was performed with Lipofectamine 2000 Transfection Reagent
(Invitrogen) and 500 ng of plasmid DNA: pINDUCER21 plasmids containing the MEFV gene and/or
plasmids containing the PKN1 gene with V5 tag (a kind gift of JJ Chae, NIH, USA). 24 hours after
transfection, the cells were incubated with doxycycline (1ug/ml) overnight and collected 40 hours

post-transfection.
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Once collected, the cells were washed in cold PBS and lysed in Tris HCI pH 7.0 25 mM, NaCl 150 mM,
EDTA 1 mM, Igepal CA-630 (NP40) 0.1% supplemented with Sodium fluoride (phosphatase inhibitor,
Sigma, $7920) at 10mM and, cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche 05056489001).
Flag-pyrin was immunoprecipitated with BSA-saturated Anti-FLAG® M2 Magnetic Beads (Sigma,
M8823) for 2 hours at 4°C. Proteins were separated by SDS-PAGE on precast 4-15% acrylamide gels
(Bio-Rad) and then transferred to Transblot Turbo Midi-size PVDF membranes (Bio-Rad). For
immunoblotting the following antibodies were used: mouse anti-Flag (Sigma Aldrich, clone M2,
1:1000), rabbit anti-Pyrin (Adipogen, AL196, 1:1000), rabbit anti-phosphoS241 Pyrin (Abcam,
ab200420, 1:1000), mouse anti-V5 tag (Invitrogen, 37-7500, 1:1000), mouse anti-BActin (Sigma
Aldrich, clone C4, MAB1501, 1:5000) and anti-mouse IgG (Promega, W4021, 1:3000) and anti-rabbit
IgG (Sigma, A0545, 1:3000).

Immunofluorescence

To quantify ASC specks, U937 cells were seeded 2*10° per condition in a 96-well V-bottom plate and
incubated with or without doxycycline (1ug/ml) overnight. Then the cells were additionally treated or
not with UCN-01 12,5uM for 25 minutes, washed with PBS, and fixed with 2% paraformaldehyde (15
minutes at 37°C). The cells were washed once ? in PBS and transferred onto glass slides with cytospin,
then permeabilized with Triton-X100 0.1% in PBS. The samples were stained with anti-ASC (Santa Cruz,
sc22514R, 4ug/ml) for 1 hour at room temperature, then with donkey anti-rabbit Alexa Fluor 594 (Life
Technologies, A21207, 10 pug/ml ), followed by DAPI (100 ng/ml). Coverslips were mounted using

mowiol.
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Figures and legends
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Figure 1. B30.2 is dispensable for TcdA-mediated pyrin activation. (A) Schematic

representation of pyrin variants. U937 monocytes (B, D) or macrophages (C, E) incubated with
doxycycline to induce expression of the indicated pyrin variants, were treated with TcdA for 6 h

(B-C) or with LPS for 3 h followed by Nigericin for 3 hours (D-E). The concentration of IL-18 (B,

D) and IL-1B (C, E) in the supernatant was determined by ELISA.

Data information: Data from one experiment representative of three independent experiments. Mean,
SD of triplicates and individual data points are shown. (B) Kruskal-Wallis and Dunn’s multiple comparisons

tests and (C-E) ordinary one-way ANOVA and Dunnett’s multiple comparisons tests were performed to

compare U937 cells expressing WT pyrin to the other cell lines. (C) ***: p<0.001, (D) ***: p<0.001.
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Figure 2. Deletion of the B30.2 domain suppresses pyrin regulation step 2. (A-B) U937
monocytes (A) or macrophages (B) incubated with doxycycline to induce pyrin expression were
treated with UCN-01 for 3 h. IL-18 (A) and IL-1B (B) concentration was determined in the
supernatant by ELISA. (C) Cell death kinetics upon doxycycline addition followed by UCN-01
treatment were determined in U937 monocytes expressing the indicated pyrin variants. PI
incorporation/fluorescence was monitored every 15 min for the indicated time. (D-E) Areas
Under the Curve (AUC) corresponding to the above kinetics are shown. (F) U937 monocytes
were treated with doxycycline for 16 h followed by UCN-01 addition for 2 h, IL-18 concentration

in the supernatant was measured by ELISA.

Data information: Data from one experiment representative of three independent experiments. Mean,
SD of triplicates and individual data points are shown. (D) a.u.: arbitrary units. (A-B) Kruskal-Wallis and
Dunn’s multiple comparisons tests and (E-F) ordinary one-way ANOVA and Dunnett’s multiple
comparisons tests were performed to compare U937 cells expressing WT pyrin to the other cell lines. (D)

*: p=0.0232; **: p=0.0038; (E) ** (left to right): p=0.0076, 0.0014 ; ***: p<0.001 ; (F) *** : p<0.001.
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Figure 3. The B30.2-mediated regulation acts downstream of dephosphorylation, and
independently of Caspase-1. (A-B) Doxycycline-induced U937 monocytes expressing pyrin WT,
p.M694V or pyrin deleted from the B30.2 domain were treated with UCN-01 for 15 minutes. (A)
Pyrin phosphorylation at the S242 site was assessed by Western blot following
immunoprecipitation and (B) quantified by densitometry. (C-D) U937 monocytes WT or
Caspase-1 knock-out (KO) were treated with doxycycline for 15 hours and/or with UCN-01 for
25 minutes. ASC speck formation (indicated with white arrows) was monitored by

immunofluorescence. Quantification (C) and representative images (D) are shown.

Data information: (A, C) Data from one experiment representative of three independent experiments. (B)
Values from individual experiments, mean and SD from three independent experiments are represented.
Pyrin S242 phosphorylation was quantified using ImageJ software and reported as percentage of the
untreated condition of the corresponding cell line. Each point represents the densitometry quantification
from one experiment. (C) Values from individual experiments, mean and SD from three independent
experiments are represented. Each dot corresponds to the percentage of ASC specks found in
approximately 100 cells counted per condition. Kruskal-Wallis and Dunn’s multiple comparisons tests
were performed. * (left to right): p=0.0306, 0.0351, 0.0494; ***: p<0.001. (D) Scale bars: 10um and 2,5um

in the main figures and insets, respectively.

127



I

100

754

50

Cell death
(PI incorporation % total)

254

601

Cell death
(PI incorporation % total)

=
~ (=]
wn o

Cell death
(PI incorporation % total)
wu
o

TcdA

Lttt

4 6 8
Time (h)

UCN-01

Time (h)

- p.H478Y

— p.MB94V

— p.L559F

. p.Q426R
p.F479L
— p.E552D

- WT

p.F479L

~ p.Q426R
~ p.H478Y
— p.M694V

_wT
. p.E552D
. p.L559F

AUC (a.u.)

100 4
s
8
9 50
<
o
ADE&ESavO&
SFPELLE
ForLey
Qg QQ Qg Q

. P.H478Y/5242R/S208C

0
0
DOX
*
* K
*¥%
** *
4 *
4500 . b : .
* iR
) Hog*
E 30004 [
o
2
-]
@
= 15004
&
ol - 1

dox =4+ -++ -+ -+ -4 o - -
UCN-01 ==+ ==+ ==+ ==4 ==+ ==+ ==+ -+

p.M694V/5242R/S5208C

. - p.Q426R/S242R/S208C
. p.M694V

p.F479L/5242R/5208C
p.ES52D/S242R/S208C

- WT
, - p.L559F/5242R/5208C
+ p.5242R/5208C

WT
p.M694v
wT
p.Q426R
p.HA78Y
p.F479L
p.ES52D
p.LS59F

pooooooo
S242R/5208C

128

AUC (a.u.)

IL-1B (pg/mL)

0
LPS
TcdA

~

ul

[=]
T

[

o

o
1

IL-18 (pg/mL)

250

04
UCN-01

Doxycycline

451

w
=]

154

—
5242R/5208C

O wT
I p.ME94V
O p.Q426R
I p.HA78Y
I p.F479L
I p.E552D
I p.LS59F
e T e
B R Ik T E S SR S
*
*
*
O wr
4 * 3 p.M694V
* *
® 1 p.Q426R
i i 1 p.H478Y
*
« [ p.Fa7oL
*
¥ * [ p.Es52D
‘ [ p.LS59F
R I S S S S
UCN-01
*
* *
* *
150 21 ¥
iy
3 ¥
- *
5 1004 *
&
g b *
2 s
504 H
Nl ﬁ
A
Srgdnas
QL&
Q‘%‘ Q.Q.QQ.QQ‘.?
—_—
S242R/S208C



Figure 4. Mutations in the Central Helical Scaffold (CHS) domain phenocopy the classical FMF-
associated B30.2 mutation - p.M694V - in terms of UCN-01 and TcdA-mediated responses. (A-
C, F-H) U937 monocytes or (D-E) macrophages incubated with doxycycline to induce expression
of the indicated variants, were treated with (A-B, D) TcdA for 6 h, or (C, E) LPS for 3 h followed
by Nigericin for 3 h, or (F-H) UCN-01 for 3 h. (A, C, F) Cell death kinetics was monitored through
Pl incorporation/fluorescence every 5 minutes over the indicated time. (B, G) Areas Under the
Curve (AUC) corresponding to the kinetics are shown. (D-E) IL-1B or (H) IL-18 concentration in
the supernatant was determined by ELISA. (I-K) U937 monocytes were treated doxycycline for
16 h followed by UCN-01 for 2 h. (I) PI incorporation/fluorescence was monitored every 15
minutes for the indicated time, (J) corresponding AUC are shown. (K) IL-18 concentration in the

supernatant was determined by ELISA.

Data information: Data from one experiment representative of three independent experiments. Mean
and SD of triplicates and individual data points are shown. (B, G) a.u.: arbitrary units. (D) Kruskal-Wallis
and Dunn’s multiple comparisons tests or (B, E, H, J-K) ordinary one-way ANOVA and Dunnett’s multiple
comparisons tests were performed to compare U937 cells expressing WT pyrin to those expressing other
variants. (B) *: p=0.0127; **: p=0.0035 ; (D) *: p= 0.0184 ; **: p=0.0023 ; (E) ***: p<0.001 ; (H) **:
p=0.0054 ; ***: p<0.001 ; (J) ** (left to right): p=0.0055, 0.0029, 0.0061 ; ***: p<0.001 ; (K) **: p=0.0026
; *¥**. p<0.001.
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Figure 5. Specific mutations in the CHS domain render pyrin highly sensitive to steroid
catabolites. U937 monocytes incubated with doxycycline to induce expression of the indicated
pyrin variants, were treated (A-B) with decreasing doses of pregnanolone or etiocholanolone or
(C) with UCN-01 for 15 minutes or with VX765 for 30 minutes followed by pregnanolone at the
indicated dose for 30 minutes. (A) Cell death levels were measured at 3 h post-treatment in
response to varying concentrations of pregnanolone (left panel) or etiocholanolone (right
panel). (B) EC50 was determined 3 h post-treatment. (C) Pyrin phosphorylation at the S242 site

was assessed by Western blot following immunoprecipitation and quantified by densitometry.

Data information: (A) Data from one experiment representative of three independent experiments. The
curve was obtained by an ordinary (Least squares) fit using the log (agonist) vs. normalized response-
variable slope model. (B) EC values were obtained from the above analysis using best-fit values. Each point
represents the mean EC50 calculated from one biological triplicate. The bars represent the mean and SD
of 3 to 7 independent experiments. Kruskal-Wallis and Dunn’s multiple comparisons tests for the panel
on the left and ordinary one-way ANOVA and Dunnett’s multiple comparisons tests for the panel on the
right were performed. (C-Top panel) Images from one experiment representative of three independent
experiments are shown. (Bottom panel): Each point represents the densitometry quantification
(normalized to the untreated sample) from one experiment. The bars represent the mean and SD of 3
independent experiments. (B-C) Ordinary one-way ANOVA and Dunnett’s multiple comparisons tests
were performed. (B) * (left to right): p=0.0168, 0.0405; ** (left to right): p=0.0078, 0.0022. (C) * (left to
right): p=0.0198, 0.0104; ** (left to right): p=0.0017, 0.0088; ***: p<0.001.
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Figure 6. Primary human monocytes from patients presenting the p.F479L mutation
demonstrated pyrin inflammasome response to low doses of steroid catabolites. Monocytes
from healthy donors (HD) or FMF patients carrying the p.F479L mutation (see table S1 for full
genotype) were treated with indicated stimuli. (A-D) IL-1B concentrations in the supernatant
collected after 3 h of treatment were determined by ELISA. (E-L) Pl incorporation/fluorescence

was monitored every 5 minutes for 3 h, (M) corresponding AUC are shown.

Data information: Mean and SD of triplicates and individual data points are shown for the indicated
number of HD and p.F479L patients, each corresponding to the average of a biological triplicate. (M) a.u.:
arbitrary units. Kruskal-Wallis and Dunn’s multiple comparisons tests were performed to compare the HD

to the p.F479L patients. (D) *: p=0.0265; (M) * : p=0.0284
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Figure S1 Expression of pyrin in U937 caspase-1 KO monocytes and IL-18 secretion in response
to UCN-01 and nigericin. U937 monocytes knocked-out or not for caspase-1 expressing the
indicated pyrin variants under the control of a doxycycline-inducible promoter were generated.
(A) Pyrin expression was verified by Western blot. The monocytes were treated with (B) UCN-

01 and (C) Nigericin, IL-18 concentration was measured in the supernatant with ELISA.
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Figure S2. Expression of pyrin mutated in the CHS domain and the impact of the CHS mutations

on NLRP3 activation. U937 monocytes expressing the indicated pyrin variants under the control

of a doxycycline-inducible promoter were generated. (A) Pyrin expression was verified by

Western blot. The indicated cell lines were treated with LPS for 3 h, then with Nigericin. (B) Cell

death kinetics were monitored through Pl/fluorescence every 5 minutes over the indicated time,

(C) corresponding AUC are shown. (D) IL-1B concentration in the supernatant was measured

with ELISA.

Data information: Data from one experiment of three independent experiments. Mean and SD of

triplicates and individual data points are shown. a.u.: arbitrary units. (C) Kruskal-Wallis and Dunn’s

multiple comparisons tests or (D) ordinary one-way ANOVA and Dunnett’s multiple comparisons tests

were performed to compare U937 cells expressing WT pyrin to those expressing other variants. (D) ***:

p<0.001
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Supplementary figure 3. p.F479L variant drives the hyper-inflammatory phenotype in cells
expressing pyrin with the double mutation p.E167D/F479L. (A) Frequency of co-occurrence of
p.E167D and p.F479L mutations according to the Genome Aggregation Database (gnomAD). The data
is shown only for the p.F479L variant 16-3297166-G-C (c.1437C>G, rs104895083) (B) Frequency of co-
occurrence of p.E167D and p.F479L pyrin variants according to gnomAD (C) U937 monocytes
expressing the indicated pyrin variants under the control of a doxycycline-inducible promoter were
generated. These cell lines were treated as indicated. (D-G) IL-1B concentration in the supernatant was
determined by ELISA. (H, J, L-M, O) Cell death kinetics were monitored through PI
incorporation/fluorescence every 5 minutes over the indicated time, (I, K, N, P) corresponding AUC are

shown.

Data information: Data from one experiment representative of three independent experiments. Mean and SD of
triplicates and individual data points are shown. (I, K, N, P) a.u.: arbitrary units. (D-F, |, K, N, P) Ordinary one-way
ANOVA and Dunnett’s multiple comparisons tests or (G) Kruskal-Wallis and Dunn’s multiple comparisons tests
were performed to compare U937 cells expressing WT pyrin to those expressing other variants. (D) ***: p<0.001;
(E) **: p=0.0018; ***: p<0.001; (F) ***: p<0.001; (1) **: p=0.0033; ***:p<0.001; (K) **: p=0.0011; ***: p<0.001;
(N) ** (left to right): p=0.0064, 0.0038; ***: p<0.001
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Supplementary Table 2. Primers used for MEFV mutagenesis.

Site-directed mutagenesis primers

5'-GGTACTCATTTTCCTTCATCATTATCACCACCCAGTAG-3'

MeS4V - WT 5 CTACTGGGTGGTGATAATGATGAAGGAAAATGAGTACC-3'

WT - ALos 5’ _ GAATATTCCACACAAGAAAACGGCACAGATG — 3’
5 — CGCGGCCGCAAGCTTGTC - 3’
5" — GAAGGCCACCAGACACGG — 3’

WT - dExon2 5 — CCTGAATGGCTGCCCTGT - 3/

WT-p37141s |5~ GGGGCTTAGGCTTCCCGGGCGAGGAGGTCGCCCTGGAACA — 3
5 — GCCCGGGAAGCCTAAGCCCCTGTTCCAGGGCGACCTCCTC — 37
5 — CGATCCTATGGGGAGGAG — 3’
WT—0421-430 o T GTGTTCCAGGGCGAC — 3’

W - S580% 5 — GAACATTTCCATTTCTTAACGCAGGGTTTCTGAGAAGTAC — 3/
5" — GTACTTCTCAGAAACCCTGCGTTAAGAAATGGAAATGTTCAA — 3’

W - Sauan 5 GAAATGGTGACCTCAAGTCTTCTAGGTCGCATCTT-3'
5 AAGATGCGACCTAGAAGACTTGAGGTCACCATTTC-3'
5'- CCCCGCGGAGCAGGCGTTTCTGC-3'

WT - 5208C 5" GCAGAAACGCCTGCTCCGCGGGG-3'

WT— Q426 5" — AAGAAGAAAATTCAGAAGCGGCTGGAGCATCTGAAGAAG - 3
5 - CTTCTTCAGATGCTCCAGCCGCTTCTGAATTTTCTTCTT - 37

WT - 478y 5 - CCTGGAGCAGCAAGAGTATTTCTTTGTGGCCTC - 3’
5 - GAGGCCACAAAGAAATACTCTTGCTGCTCCAGG - 3’

WT - ra70L 5 - GAGCAGCAAGAGCATTTGTTTGTGGCCTCACTGG - 3/
5 - CCAGTGAGGCCACAAACAAATGCTCTTGCTGCTC - 3'

WT - £559D 5 - GTGGACCACTCCTCAAGACATAAAACAAAAGATCCAAC - 37
5 - GTTGGATCTTTTGTTTTATGTCTTGAGGAGTGGTCCAC - 3’

WT - L55or 5 - CCTCAAGAGATAAAACAAAAGATCCAATTCCTCCACCAGAAG - 3'
5 - CTTCTGGTGGAGGAATTGGATCTTTTGTTTTATCTCTTGAGG - 3

WT— 167D 5 - GTCCAGGCCGTCCGAGGCCTTCTCTCT - 3

5 - AGAGAGAAGGCCTCGGACGGCCTGGAC - 3
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ADDITIONAL RESULTS
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This section contains some additional results that were not included in the articles presented in the
previous section. Some of the presented figures contain results that were out of the scope of presented
articles, preliminary results that will serve as basis for future publications, others require additional

complementary experiments to establish a clear mechanism.

Nonetheless, we consider them important for a fuller understanding of pyrin inflammasome and its

regulatory mechanisms.
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Part 1.

Specific mutations in the CHS domain render pyrin sensitive to a
large spectrum of steroid molecules.
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Figure 1. Specific mutations in the CHS domain render pyrin sensitive to a large spectrum of steroid
molecules. (A) Structure of the steroid molecules used in this set of experiments. U937 monocytes
were incubated with doxycycline to induce expression of the indicated pyrin variants, then treated
with decreasing doses of progesterone, testosterone, androsterone or cortisol. (B-E) Cell death levels
were measured by Pl incorporation/fluorescence at 3 h post-treatment in response to (B)
progesterone, (C) testosterone, (D) androsterone or (E) cortisol. (F-1) Corresponding EC50 was
calculated. Monocytes from healthy donors (HD) or FMF patients carrying the p.F479L mutation were
treated with androsterone 100 uM. (J) IL-1B concentrations in the supernatant collected after 3 h of
treatment was determined with ELISA. (K) Cell death kinetics were monitored through PI

incorporation/fluorescence every 5 minutes for 3 h. (L) Corresponding AUC are shown.

Data information: (B-E) Data from one experiment representative of two independent experiments. The curve was obtained
by an ordinary (Least squares) fit using the log (agonist) vs. normalized response-variable slope model. (F-1) EC50 values were
obtained from the above analysis using best-fit values. Each point represents the mean EC50 calculated from one biological
triplicate. The bars represent the mean and SD of two independent experiments. (F-1) Ordinary one-way ANOVA and
Dunnett’s multiple comparisons tests was performed. (J-K) Mean and SD of triplicates and individual data points are shown
for the indicated number of HD and p.F479L patients, each corresponding to the mean of a biological triplicate. (L) a.u. :

arbitrary units. (F) ***: p<0.001, (G) *: p=0.0417, (H) ** (left to right): p=0.0090; p=0.0099.
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Introduction

Steroid catabolites etiocholanolone and pregnanolone are non-canonical activators of the pyrin
inflammasome. Results presented earlier in this manuscript suggest that steroid sensing by pyrin relies
on the specific stereochemistry of the steroid. Namely, stereoisomers of etiocholanolone and
pregnanolone with a different stereochemistry on carbon 3 and carbon 5 could not activate pyrin
inflammasome. However, following our observation that the p.Q426R and the p.F479L FMF-associated
variants of pyrin exhibit a significantly higher sensitivity to etiocholanolone and pregnanolone than WT
pyrin, we wondered whether these mutations located in the CHS domain of pyrin could also impact

the specificity of pyrin response to steroid molecules.

For this experiment we selected progesterone and testosterone, from which pregnanolone and
etiocholanolone are generated, androsterone, a stereocisomer of etiocholanolone with altered

stereochemistry on carbon 5 (5a), and cortisol (Fig. 1A).
Results

U937 monocytes expressing pyrin variants with FMF-associated mutations located in the CHS domain
were treated with decreasing doses of progesterone, testosterone, androsterone and cortisol. Cell
death kinetics were monitored and EC50 value (the concentration of steroid required to trigger 50%
cell death) for each of the cell lines and each of the molecules was calculated. As previously
demonstrated, WT pyrin and pyrin with the prototypical FMF-associated mutation p.M694V were
activated by very high concentrations or not at all activated by these steroid molecules. No PI
incorporation was observed in WT pyrin-expressing cells treated with as much as 500 uM of

progesterone, testosterone, androsterone or 100 uM of cortisol.

In stark contrast, sex steroid hormones progesterone, testosterone and androsterone triggered cell
death in U937 monocytes expressing pyrin variants p.Q426R and p.F479L (Fig. 1B-D). The associated
EC50 value was drastically reduced for these three molecules compared to monocytes expressing WT
pyrin. Androsterone was the most potent activator of p.Q426R and p.F479L variants of pyrin with mean
EC50 as low as 0.63 uM and 9.6 uM respectively, followed by progesterone with mean EC50 of 0.83
MM and 22.7 uM and testosterone with mean EC50 of 9.5 uM and 99.5 uM (Fig. 1F-H). Like with
pregnanolone and etiocholanolone, the p.Q426R variant was more sensitive to steroid hormones than

the p.F479L variant.

Interestingly, sex steroid hormones used in this experiment did not trigger cell death in U937
monocytes expressing the p.H478Y variant. This mirrors the low sensitivity of this pyrin CHS variant to

etiocholanolone and pregnanolone and highlights the finesse of steroid sensing by pyrin.
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Another steroid hormone, cortisol, did not trigger pyrin-dependent inflammasome activation in any of

the examined U937 cell lines even at 100 uM (Fig. 1E, 1).

In order to validate our findings in primary monocytes, we exposed primary monocytes from FMF
patients (n=4-6) with the p.F479L mutation to 100 uM of androsterone. We measured IL-1[3 secretion
and cell death triggered by this treatment. Monocytes from patients with p.F479L mutation secreted
IL-1B when treated with androsterone, while monocytes from HD did not (Fig. 1J). Also, androsterone
triggered rapid cell death in monocytes from patients bearing the p.F479L mutation, and not in
monocytes from HD (Fig. 1K-L). Although the difference between these responses was not statistically

significant, the trend is clear, and it confirms our observations in U937 monocytes.
Discussion

Results presented in this section reveal that mutations in the CHS domain of pyrin not only significantly
lower its activation threshold by the steroid catabolites etiocholanolone and pregnanolone, but also
widen the spectrum of steroids that are able to trigger pyrin inflammasome activation. While WT pyrin
appears to be activated exclusively by steroids with specific stereochemistry on carbon 3 (3a) and 5
(5B), pyrin variants p.Q426R and p.F479L are also triggered by androsterone (3a5a), progesterone and
testosterone. Cortisol did not induce pyrin inflammasome activation in monocytes expressing pyrin
variants with mutations in the CHS domain, indicating that even when the CHS domain is modified,
there is some specificity to the response produced by steroid molecules regarding pyrin inflammasome
activation. Interestingly, as presented in additional results, part 2, in cells expressing WT pyrin,

progesterone can inhibit pregnanolone-mediated pyrin activation.

This could mean one of several things. First, variants of pyrin with mutation in the CHS domain could
be able to sense and be activated by a larger number of steroid molecules than the WT pyrin.
Alternatively, these variants could be less sensitive than WT pyrin to the specific stereochemistry of
the steroids. In this scenario both WT pyrin and pyrin variants with mutations in the CHS domain could
be capable of sensing a wider range of steroid molecules, but the WT pyrin is only activated by

molecules with specific stereochemistry.

At the same time, monocytes expressing the p.H478Y variant of pyrin did not exhibit cell death when
exposed to steroid hormones even at high concentrations. This highlights the importance of distinct

pyrin residues for steroid molecule sensing.

We favored the following model: WT pyrin might bind pregnanolone and etiocholanolone via the direct
binding of these metabolites to the B30.2 domain. This binding triggers a conformational change of

the B30.2 which is transduced to the phosphorylation sites by the CHS domain. Specific mutations in
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the CHS (e.g. p.Q426R and p.F479L) may favor signal transduction and thus promote pyrin activation
with lower doses of pregnanolone and etiocholanolone. The mutated CHS domain may even be able
to transduce the signal generated by the fixation of molecules (e.g. progesterone) otherwise inactive.
In contrast p.H478Y mutation may decrease the signal transduction and thus limit the sensitivity of

pyrin to steroid molecules. This model is discussed in more detail later in this manuscript (c.f.

Discussion).
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Part 2.

Progesterone abrogates pyrin activation by pregnanolone in a dose-
dependent manner.

149



60 -
[ ]+ Pregnanolone
~
o [ - Pregnanolone
=]
har)
o
=T 40+
w5 m
[T L l
o ¢
o a
*
“5 204 * * *
g YN
*
& ¥ * I—I
0 |=||=||—1 = J—

Progesterone (uM) - IS —
S P P \:1,(-"
Figure 2. Progesterone abrogates pyrin activation by pregnanolone in a dose-dependent manner.
U937 monocytes expressing WT pyrin were incubated with pregnanolone 50 uM alone, progesterone
at a dose ranging from 200 uM to 12.5 uM alone, or pre-incubated for 15 minutes with progesterone

at a dose ranging from 200 uM to 12.5 uM, then treated with pregnanolone 50 uM. Cell death kinetics

were monitored by Pl incorporation/fluorescence at 3h minutes post-pregnanolone addition.

Data information: Preliminary results of one experiment (performed by Amandine Martin) are represented. Mean, SD of
duplicates and individual data points are shown. Ordinary one-way ANOVA and Dunnett’s multiple comparisons tests were

performed to compare U937 cells treated with pregnanolone 50 uM alone with the other treatments. ***: p<0.001
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Introduction

Steroid hormone catabolites such as pregnanolone and etiocholanolone, catabolites of progesterone
and testosterone respectively, are non-canonical activators of the pyrin inflammasome (Magnotti et
al., 2021). At the same time, progesterone and testosterone do not activate WT pyrin. Initially, our
results led us to believe that pyrin was not able to sense steroids such as progesterone and
testosterone, and that the sensing of steroids by pyrin was dependent on the specific stereochemical
structure present in pregnanolone and etiocholanolone but absent in progesterone and testosterone.
However, the results presented in the previous section (Additional results, part 1) have demonstrated
that certain variants of pyrin associated with FMF that carry mutations in the CHS region, are able to

sense a wider spectrum of steroid molecules, including progesterone and testosterone.

Therefore, we wanted to investigate whether WT pyrin was able to sense progesterone without
triggering pyrin activation, and whether that sensing was dependent on the same site as sensing of

pregnanolone.
Results

U937 monocytes expressing WT pyrin can be activated by a high dose of pregnanolone (50 uM). To
determine whether progesterone was also sensed by WT pyrin, like it is sensed by pyrin variants with
mutations in the CHS domain, we treated these monocytes with progesterone alone at concentrations
ranging from 200 uM to 12.5 uM, or we incubated WT pyrin-expressing monocytes with progesterone

for 15 minutes, then treated them with 50 UM of pregnanolone.

As previously demonstrated, pregnanolone at 50 uM triggered pyrin inflammasome activation in
monocytes that express WT pyrin. Progesterone alone, even at 200 uM, did not, as evidenced by the
lack of Pl incorporation following treatment (Fig. 2). Interestingly, when monocytes were preincubated
with progesterone in excess as compared to pregnanolone added 15 minutes later, progesterone
appeared to inhibit pyrin activation by pregnanolone. For instance, when monocytes were pre-
incubated with progesterone 200 uM prior to pregnanolone treatment, this pre-treatment reduced
cell death by 10-fold compared to pregnanolone alone. As for pre-incubation with 100 uM of
progesterone, it reduced activation by pregnanolone by 3-fold compared to pregnanolone alone.
Finally, when progesterone and pregnanolone concentrations were equal or the concentration of
pregnanolone greater than that of progesterone, progesterone was no longer able to counter pyrin

activation by pregnanolone.
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Discussion

The discovery of steroid-sensing by pyrin is very recent, and the mechanism of this sensing remains to
be elucidated. Also, it is unclear what is the physiological role of pyrin activation by steroid hormone

catabolites, or whether the sensing is mediated by direct binding.

Results presented in this section suggest that progesterone inhibits pyrin inflammasome activation by
pregnanolone. Considering that pyrin activation by pregnanolone is B30.2-dependent (Magnotti et al.,

2021), it is likely that progesterone interferes with the capacity of B30.2 to sense pregnanolone.

The B30.2 domain of pyrin contains a pocket that could serve as a ligand-binding site in a manner
analogous to that described for other B30.2 containing proteins such as BTN3A1 (Sandstrom et al.,
2014). On the basis of in silico and secondary in vitro evidence, our team has previously speculated
that steroid hormone catabolites (e.g. pregnanolone) could bind pyrin B30.2 directly. Here, the
inhibition of pregnanolone-induced activation of pyrin inflammasome by progesterone in a dose-
dependent manner suggests, that the two molecules compete for the same binding site. At equal
concentrations of progesterone and pregnanolone, progesterone no longer counters pyrin activation
by pregnanolone, which suggests that the affinity of pyrin is greater for pregnanolone than for
progesterone. Unfortunately, we are currently missing the experimental system to assess
biochemically the direct binding of steroid molecules to pyrin B30.2 and the associated

association/dissociation constant.

As discussed earlier in this manuscript progesterone and other sex steroid molecules have anti-
inflammatory properties. Progesterone in particular inhibits IL-1B secretion by LPS-treated
macrophages (Polan et al., 1989). It would be interesting to determine whether progesterone actively
inhibits pyrin activation until it is replaced by an activator ligand (pregnanolone) and possibly in other
physiological situations of pyrin activation. For this, we would like to test if progesterone is able to
counter pyrin activation by other stimuli such as TcdA or simvastatin. Additionally, we would like to
investigate if the same competing relationship in terms of pyrin activation would be true of

testosterone and etiocholanolone.

152



Part 3.

Specific mutations in the CHS domain render pyrin more sensitive to
activation by simvastatin.
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Figure 3. Specific mutations in the CHS domain render pyrin more sensitive to activation by
simvastatin. U937 monocytes incubated with doxycycline to induce expression of the indicated pyrin
variants were treated with decreasing doses of simvastatin ranging from 25uM to 0.1uM. (A-D) Cell
death kinetics were monitored through Pl incorporation every 20 minutes for 18 h, (E) corresponding
AUC are shown. Please note that the scale is different in each graph to visualize the dose response

effect.

Data information: Preliminary results of one experiment (performed by Pauline Bronnec) are represented. Mean, SD of

duplicates and individual data points are shown. (E) a.u.: arbitrary units. No statistical analysis could be performed due to

lack of statistical power.
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Introduction

Simvastatin belongs to a large and widely used group of medications called statins. Statins are HMG-
CoA reductase inhibitors with cholesterol-lowering properties with a good safety profile often
prescribed to people with a high risk of cardio-vascular disease (Alenghat and Davis, 2019; Reamy and
Viera, 2022). On a molecular level, statins inhibit cholesterol synthesis by intervening in the
mevalonate kinase pathway described in more detail earlier in this manuscript. Additionally,
simvastatin activates the pyrin inflammasome, although it is unclear what mechanism mediates this
activation (Park et al., 2016). Considering the diverging effects pyrin mutations in the CHS domain have
on its response to various stimuli, we wondered how these mutations would affect pyrin activation by

simvastatin.
Results

U937 cell lines expressing variants of the MEFV gene with mutations in the CHS domain were treated
with doxycycline to induce pyrin expression, then treated with decreasing concentrations of
simvastatin ranging from 25 uM to 0.1 uM. When treated with 25 uM and 5 uM of simvastatin cells
expressing WT pyrin and pyrin carrying the prototypical FMF mutations p.M694V exhibited
doxycycline-dependent cell death 6-8 hours after treatment (Fig. 3A-B). No cell death was induced in
these cell lines by lower doses of simvastatin (Fig. 3C-D). Simvastatin did not induce cell death in U937
cells that were not pre-incubated with doxycycline (data not shown), confirming that the observed

phenotypes are pyrin-dependent.

In stark contrast to the WT pyrin, simvastatin induced much more rapid cell death in cells expressing
certain but not all pyrin variants with mutations in the CHS domain. U937 monocytes expressing the
p.Q426R and p.F479L pyrin variants reached 50% cell death in less than 4 hours when treated with 25
MM simvastatin (Fig. 3A). Smaller doses of simvastatin used in this experiment were still able to induce
cell death in cell lines expressing the p.Q426R and the p.F479L pyrin variants, which was not the case
for the WT and the p.M694V pyrin (Fig. 3C-D). In addition to a more rapid response to simvastatin by
the p.Q426R and the p.F479L variants of pyrin, the intensity of pyrin activation in these variants was
also potentiated, as evidenced by a largely increased areas under the curve (Fig. 3E). Therefore,
p.Q426R and p.F479L mutations in the CHS domain of pyrin increase pyrin sensitivity to simvastatin.
The observed phenotype is somewhat stronger for the U937 cells expressing p.Q426R pyrin variant,

although replicate experiments are required to confirm this.

Curiously, the other pyrin variant mutated in the CHS domain included in this experiment, p.H478Y,

did not respond to even the highest doses of simvastatin used (Fig. 3E, middle panel). Interestingly,
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the high sensitivity of p.Q426R and p.F479L and the low sensitivity of p.H478Y to simvastatin mirrors

the sensitivity of these variants to pregnanolone (see discussion).
Discussion

The understanding of pyrin activation by simvastatin is limited. As mentioned before, simvastatin
inhibits HMG-CoA reductase in the mevalonate kinase pathway, which inhibits the synthesis of
geranylgeranyl pyrophosphate (GGpp) (Drenth et al., 1999; Mandey et al., 2006). GGpp is a substrate
of geranylgeranylation of RhoA — a post-translational modification necessary for its localisation at the
membrane. Addition of GGpp to pyrin-expressing cells at the same time as simvastatin, counters
inflammasome activation (Park et al., 2016). Based on this finding, it has been believed until now that
pyrin activation by simvastatin is triggered because of RhoA inhibition due to the lack of RhoA
geranylgeranylation. If this is true, then the mechanism involved would be similar to that triggered by

TcdA which also causes a break down in RhoA post-translational modification.

The results presented in this section challenge the assumption that pyrin activation by simvastatin and
by TcdA follow the same pathway. The prototypical FMF p.M694V pyrin variant has a lower activation
threshold by TcdA which results in earlier and stronger activation of this variant by TcdA compared to
the WT pyrin (Jamilloux et al., 2018). In contrast, the p.M694V variant and the WT pyrin respond
similarly to simvastatin treatment for all the concentrations tested in our experiment both in terms of

the time of response and the level of cell death induced.

An additional difference between pyrin response to TcdA and to simvastatin comes from pyrin variants
with mutations in the CHS domain. CHS variants p.Q426R, p.H478Y and p.F479L variants undergo rapid
cell death with kinetics similar to the p.M694V in response to TcdA. However, when treated with
simvastatin the p.Q426R and p.F479L variants undergo much faster cell death than the p.M694V or

the WT pyrin, and the response of the p.H478Y pyrin variants is very limited.

The strong pyrin activation for the p.Q426R and the p.F479L variants and the almost complete lack of
activation for the p.H478Y variant observed here in response to simvastatin is the same pattern as the
one we observed in response to steroid hormones and their catabolites. Therefore, we believe that
the mechanism triggered by simvastatin that results in pyrin activation is at least partially shared with
that triggered by steroid hormones catabolites. Yet, GGpp which inhibits simvastatin-mediated pyrin
inflammasome activation does not affect pregnanolone responses. Due to common chemical
structures between cholesterol and pregnanolone/etiocholanolone, it is tempting to speculate that
simvastation could generate an endogeneous cholesterol catabolite that could activate the pyrin
inflammasome in a similar way as pregnanolone or etiocholanolone. Alternatively, since simvastatin is

reducing cholesterol anabolism, it could decrease the concentration an endogeneous steroid molecule
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that might inhibit pyrin at steady state and that could be possibly displaced by addition of

pregnanolone or etiocholanolone. These speculations remain to be tested experimentally.
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Part 4.

Study of the role of interactions between residues within the CHS-
B30.2 dimer.
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Figure 4. Mutations of the Lys539 residue (facing the GIn426 residue) significantly impact pyrin
inflammasome function. U937 monocytes were incubated with doxycycline to induce expression of
the indicated pyrin variants, (A) pyrin expression was verified by Western blot. Monocytes were
treated with (B-C) TcdA for 6h, (D-E) UCN-01 for 3h, (F-I) pregnanolone at the indicated concentration
for 3h, or (J-K) androsterone for 3h. (B, D, F, H J) Cell death kinetics were monitored through PI
incorporation/fluorescence every 5 to 15 minutes over the indicated time, ((C, E, G, |, K) corresponding

AUC are shown.

Data information: Data from one experiment representative of three independent experiments. Mean, SD of triplicates and
individual data points are shown. (C, E, G, |, K) a.u.; arbitrary units. (C, E, G) Ordinary one-way ANOVA and Dunnett’s multiple
comparisons tests and (I, K) Kruskal-Wallis and Dunn’s multiple comparisons tests were performed to compare U937 cells
expressing WT pyrin to the other cell lines. (C) *: p=0.0249, **: p=0.0034, (E) * (left to right): p=0.0123, p=0.0303, **:
p=0.0035, ***: p<0.001, (I) *: p=0.0228, **: p=0.0076, (K) *: p=0.0184, **: p=0.0023.
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Figure 5. The Phe585 residue (facing the Phe479 residue) of pyrin is crucial for its response to steroid

hormone catabolites. U937 monocytes incubated with doxycycline to induce expression of the

indicated pyrin variants, were treated with (A-B) TcdA for 8h, or (C-D) UCN-01 for 3h, or (E-H)

pregnanolone at the indicated concentration for 3 h. (A, C, E, G) Cell death kinetics were monitored

through Pl incorporation/fluorescence every 5 to 15 minutes over the indicated time, (B, D, F, H)

corresponding AUC are shown.

Data information: Data form one experiment representative of two independent experiments. Mean, SD of triplicates and

individual data points are shown. (B, D, F, H) a.u.: arbitrary units. (B, D, F, H) Ordinary one-way ANOVA and Dunnett’s multiple

comparisons tests were performed to compare U037 cells expressing WT pyrin to the other cell lines. (D) *: p=0.02, ***:

p<0.001; (F) (left to right) **: p=0.0016, p=0.0013; (H) ***: p<0.001.
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Introduction

The effect of mutations identified in the MEFV gene varies greatly depending on their location, co-
occurrence with other mutations and, likely, other environmental factors. The variety of MEFV-
associated phenotypes is evident in patients with pyrin-associated autoinflammatory diseases
(PAADs), but also in vivo in cell line models. For PAADs the prediction of disease penetrance and
severity remains difficult, largely because the details of the mechanisms governing pyrin
inflammasome regulation and activation require a better understanding (Accetturo et al., 2020; Solak
et al., 2008). However, it is clear that pyrin structure is sensitive to change, and that phenotypes
resulting from MEFV mutations can go from potently gain-of-function to loss-of-function in a span of

a single amino acid position.

In this section we concentrated our attention on two variants of pyrin with mutations in the CHS
domain that have been reported to cause FMF-like disease, and that demonstrated a particular
phenotype in our U937 cell line model —pQ426R and p.F479L. A close inspection of the crystal structure
of the C-terminal fragment of pyrin containing the CHS domain and the B30.2 domain revealed that
each of the two residues GIn426 and Phe479 are located in close proximity or interact with another
residue on the interface within the CHS-B30.2 dimer (Weinert et al., 2015). GIn426 of one monomer is
in close proximity to the Lys539 residue of the other monomer within the CHS-B30.2 dimer. Similarly,
Phed79 residue of one monomer interacts with Phe585 residue of the other monomer within the CHS-

B30.2 dimer.

We hypothesized that the distinct phenotypes of p.Q426R and p.F479L pyrin variants could originate
from a disturbance of these interactions. To test this hypothesis, we created U937 monocytes that
stably expressed p.Q426A, p.K539A, p.K539N, p.Q426A/K539A, p.Q426R/K539A, p.F585L and

p.F585L/M694V, and tested their response to various stimuli targeting pyrin inflammasome.

Results
GIn426 and Lys539

In p.Q426R the nonpolar glutamine is replaced by a positively charged arginine. Considering that lysine
in position 539, is also a positively charged amino acid, and it finds itself directly in front of the 426
residue, the glutamine to arginine substitution would result in two positively charged amino acids
coming close to one another. This could lead to significant change in the conformation of the CHS-

B30.2 dimer.

We created U937 monocytic cell lines stably expressing pyrin variants where we replaced GIn426
and/or Lys539 with alanine, a small nonpolar amino acid. Interestingly, one mutation of MEFV that

impacts Lys539 residue — p.K539N — has been reported, although it was found in a healthy control
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subject (Ueda et al., 2016). We decided to include this variant in our experiment. Additionally, we
created cell lines that expressed double mutants p.Q426A/K539A and p.Q426R/K539A. Doxycycline-

induced pyrin expression in each of these cell lines was verified (Fig. 4A).

Substitutions of GIn426 by alanine or arginine did not significantly impact pyrin-dependent cell death
triggered by TcdA suggesting that the charge of the residue in position 426 has no major effect on pyrin
inflammasome activation in response to TcdA. The same was true for the p.K539A variant, but not for
p.K539N. Monocytes expressing p.K539N pyrin variant showed significantly more cell death than cells
expressing WT pyrin (p=0.0249) (Fig. 4B-C). TcdA also triggered more cell death in both of the double
mutants with substitutions on residues 426 and 539, although the difference was only statistically

significant for the p.Q426A/K539A variant (Fig. 4B-C).

Pyrin dephosphorylation with the PKC inhibitor UCN-01 triggered rapid cell death in all variants with
mutations at the 426 and 539 residues (Fig. 4D-E). Since UCN-01 triggers pyrin activation only in
pathogenic pyrin variants, this result indicates that the 539 is an important residue for pyrin
inflammasome regulation. A low dose of pregnanolone (6 uM), that is not sufficient to trigger rapid
pyroptosis in cells expressing WT pyrin, activated pyrin inflammasome mutated at residues 426 and
539 (Fig. 4H-I). Additionally, mutations of residues 426 and 539 of pyrin increased the ability of pyrin
inflammasome to be activated by androsterone, although the area under the curve was significantly
increased only for the p.Q526R and the p.Q426R/K539A variants (p=0.0184 and p=0.0023 respectively)
(Fig. 4J-K). The high concentration of pregnanolone, known to activate WT pyrin, triggered similar cell
death kinetics in all the pyrin variant-expressing cell lines (Fig. 4F-G). Altogether these results indicated
that by focusing on the residue interacting with Q426, we identified another pyrin residue which
mutation strongly impact pyrin inflammasome regulation (Table 1). Since the phenotypes triggered by
Q426A/R and K539A are similar, these suggest that these two residues participate in the same

regulatory pathway. Yet, the experiments designed to test the role of the charge and the possible

Pyrin activation by:
Pyrin variant TcdA UCN-01 Pregnanolone Androsterone
wio@-® [wE s
p.Q426R @' —@" + T
PISIA @ @ e

+ +

p.Q246R/K539A ®'®

ra2ea/ks3on @@ [

Table 1 Summary table recapitulating phenotypes of U937 monocytes expressing pyrin variants with mutations

+ + +
+ + + +

of the GIn426 and Lys539.
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repulsion between the residue 426 and the residue 539 (both being charged positively when Q426 is
mutated in Q426R) were not conclusive since Q426A triggers the same phenotype as Q426R and K539A

does not complement the Q426R mutation.
Phe479 and Phe585

The benzene ring of phenylalanine in position 479 in the CHS of one monomer interacts with the
benzene ring of phenylalanine in position 585 of the B30.2 of the other monomer within the CHS-B30.2
dimer. In p.F479L the phenylalanine is substituted for a non-aromatic leucine. This mutation may
weaken the interaction between residues 479 of one monomer and 585 of the other monomer within

the dimer.

We created U937 monocytic cell line stable expressing the p.F585L variant of pyrin, where Phe585 was
substituted for a leucine like in the p.F479L variant. Additionally, we created a cell line that expressed

the double mutant p.F585/M694V, p.M694V being the prototypical FMF-associated mutation.

Bacterial toxin TcdA triggered pyrin inflammasome activation in the p.F585L variant comparable to
that in the WT pyrin (Fig. 5A-B). UCN-01 did not trigger a response any different from that of the WT
pyrin, or from the p.M694V variant for the double p.F585L/M694V mutant suggesting that the p.F585L

mutation did not invalidate pyrin regulation downstream of its dephosphorylation (Fig. 5C-D).

However, p.F585L mutation significantly affected pyrin activation by pregnanolone. When treated with
a high (50 uM) (Fig. 5E-F) or a low (6 uM) (Fig. 5G-H) concentration of pregnanolone, neither U937
monocytes expressing the p.F585L nor cells expressing the p.F585L/M694V pyrin variant exhibited
rapid cell death associated with pyrin inflammasome activation, indicating that this mutation triggers

a loss-of-function phenotype in regards to pregnanolone-mediated pyrin activation.
Discussion

Here, we attempted to elucidate the role of interactions between specific amino acids within the CHS-
B30.2 dimer. We targeted residues that are implicated in a significant reduction in pyrin threshold

activation both after dephosphorylation or by steroid hormone catabolites.

Our findings strongly suggest that GIn426 and Lys539 are implicated in maintenance of the step 2 in
pyrin regulation, the checkpoint downstream of pyrin dephosphorylation of which the nature is
unclear. Both GIn426 and Lys539 appear to be implicated to pyrin activation by steroid catabolites,

because the substitutions we examined increased pyrin activation by pregnanolone and androsterone.

The Phe585 residue did not appear to be involved pyrin regulation downstream of its phosphorylation

like its counterpart Phe479. Importantly, though, Phe585 is implicated in pyrin sensing of
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pregnanolone since the p.F585L mutation completely abolished pyrin activation by this molecule. This
result underlies the importance of this residue in the pregnanolone response and suggest that the
interaction between Phe585 (in the B30.2 domain) and Phe479 (in the CHS domain) may be important

to transduce the activating signal to the phosphorylation site.

Taken together, these results are difficult to interpret. The genetic approach we implemented here
does not provide a lot of information about the exact changes in the three-dimensional structure of
the protein that are caused by amino acid substitutions. Also, it is unclear if the differences we observe
between the WT pyrin and pyrin mutated at Lys539 or Phe585 are truly due to the conformational
change we intended to create. Further study of the three-dimensional conformation of the CHS-B30.2
dimer of pyrin, and more information about pyrin activation after dephosphorylation, would help our

understanding of the phenotypes observed.
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Part 5.

Truncation of the pyrin protein at the G532 residue reveals a
spontaneously activated pyrin protein.
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Figure 6. Truncation of the pyrin protein at the G532 residue reveals a spontaneously activated pyrin
protein. (A) Truncation sites (white) within the structure of the CHS and the B30.2 domains of pyrin,
(B) linear view of the truncated proteins. (C) The expression of truncated variants in U937 cells was
verified by Western blot. U937 monocytes were treated with doxycycline for 16 hours, then with TcdA
for 6 hours. (D) Cell death kinetics were monitored by Pl incorporation/fluorescence every 15 minutes
over 16 hours, then every 5 minutes for 6 hours, (E-F) corresponding AUC are shown. IL-18
concentration in the supernatant was measured by ELISA (G) after 16 hours of doxycycline and 6 hours
of TcdA, (H) and after LPS for 3 hours + Nigericin for 3 hours. (I) Pyrin phosphorylation at the 5242 site

was assessed by Western blot following immunoprecipitation and (J) quantified by densitometry.

Data information: Data from one experiment representative of three independent experiments. Mean, SD of
triplicates and individual data points are shown. (E, G) Kruskal-Wallis and Dunn’s multiple comparison tests and
(F) ordinary one-way ANOVA and Dunnett’s multiple comparisons tests were performed to compare U937 cells
expressing WT pyrin to the other cell lines. (E) **: p=0.0025; *: p=0.0438, (F) ***: p<0.001, **: p=0.0073, *:
p=0.0221, (G) *: p=0.0486
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Introduction

Our results presented in the main manuscript revealed that the B30.2 domain of pyrin encoded by the
200 residues at the C-terminus of the protein are dispensable for pyrin activation by TcdA. In the light
of this finding, we wanted to determine the minimal region of the pyrin protein necessary for its
response to physiological triggers such as TcdA. For this purpose, we generated U937 monocyte cell
lines that express truncated pyrin variants under the control of a doxycycline inducible promoter. The
truncation sites were selected on the basis of the crystal structure of pyrin CHS-B30.2 region (Fig. 6A-

B) (Weinert et al., 2015).
Results

First, we looked at cell death kinetics following pyrin expression induction by doxycycline. We
discovered that expression of the 1-532 truncated pyrin variant resulted in rapid spontaneous cell
death consistent with pyroptosis, while shorter truncated variants remained inactive when expressed
(Fig. 6D). Spontaneous cell death was not substantially observed for longer truncated variants (Fig. 6E).
This unique property of the 1-532 truncated variant was confirmed by significantly elevated IL-18
secretion induced by doxycycline alone compared to the WT pyrin. IL-18 was much less or not present

in U937 monocytes that expressed other truncated variants of pyrin (Fig. 6G).

TcdA induced pyroptosis in U937 monocytes expressing the 1-580 truncated variant (equivalent to
AB30.2), and in U937 monocytes expressing p.M694V variant, confirming results previously obtained
by our group (Fig. 6F). Additionally, TcdA triggered IL-18 secretion in monocytes expressing truncated
variants of pyrin longer than 532 residues (Fig. 6G), indicating that residues 1-441 are not sufficient to
provide a functional pyrin protein. Nigericin induced similar IL-18 secretion in all tested cell lines (Fig.

6H).

Based on this set of results we were able to conclude that the 1-532 region constitutes the minimal

region of the pyrin protein necessary for TcdA-mediated pyrin activation.

We wanted to further investigate spontaneous pyrin inflammasome activation in cells expressing the
1-532 truncated variant. Pyrin inhibition at steady state is ensured by its phosphorylation by kinases
PKN1/2 at S242 and S208 sites (Gao et al., 2016b; Park et al., 2016a). We investigated phosphorylation
of pyrin truncated variants at the S242 site at steady state. As expected, we observed lower
phosphorylation of the 1-532 truncated variant compared to the WT pyrin or the other truncated

variants (Fig. 61-J), consistent with the loss of inhibition at steady state.
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Discussion

The minimal necessary region of pyrin has not been previously established. Here, we reveal that the
1-441 region of pyrin is not sufficient for pyrin activity as an inflammasome sensor since the 1-441
truncated variant of pyrin was unable to trigger pyrin inflammasome activation when U937 were
exposed to TcdA. Additionally, we show that the 1-532 region of pyrin was sufficient to trigger the
inflammasome formation, although this truncated variant apparently lacks the inhibitory mechanisms
that prevent spontaneous pyrin activation. In line with this, we found that the 1-532 truncated variant
of pyrin was markedly less phosphorylated than the WT pyrin or the other truncated variants,

indicating that this truncation invalidated negative regulation of pyrin at steady state.

Results provided in this section demonstrate that the CHS domain of pyrin is required for its activity.
The 1-441 truncated pyrin protein completely lacks the CHS domain and the B30.2 domain, this
truncation completely abrogated TcdA sensing by pyrin. At the same time, the 1-532 truncated pyrin
variant induced spontaneous inflammasome activation, suggesting that the 532-781 region of pyrin

negatively regulates pyrin activation.

Curiously, caspase-1 cleaves pyrin protein at the Asp330 residue. The resulting N-terminal fragment
has been described to translocate to the nucleus and activate the NF-kB signaling pathway (Chae et
al., 2008). Interestingly, the inflammasome NLRP1 acts as a protease sensor and is activated by various
microbial proteases (Planés et al., 2022; Xu et al., 2019). Similarly, our findings open the possibility of
pyrin acting as a decoy for another protease. Indeed, cleavage at the 532 site or a site close by it could
yield a spontaneously activated sensor. It would thus be interesting to screen pyrin against a library of

proteases of pathogenic or even endogenous origin to attempt to identify such an enzyme.

Together with other results presented in this manuscript, this supports our hypothesis that the B30.2
and the CHS domain of pyrin cooperate to provide negative regulation of the pyrin inflammasome.
Indeed, several FMF-associated mutations located in the CHS domain have been described as
dominant, suggesting that the negative regulation of pyrin by B30.2 requires the CHS domain (Aldea
et al., 2004; Rowczenio et al., 2020).
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DISCUSSION
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Little is known about mechanisms regulating pyrin inflammasome activation. Pyrin was rather recently
recognized as an inflammasome sensor, and while its regulation by phosphorylation was described soon
afterwards, further mechanism of pyrin activation is still unclear (Gao et al., 2016; Xu et al., 2014). Our

work brings more insight into pyrin regulation.

B30.2 and CHS cooperation

Given the gain-of-function profile of FMF-causing mutations and their clustering in the B30.2 domain, it
has long been suspected that the B30.2 domain negatively regulates pyrin inflammasome. The results
provided in this manuscript demonstrate negative regulation of pyrin by the B30.2 domain for the first
time. Also, it appears that negative regulation of pyrin is more intricate than a simple phosphorylation

and inhibition by B30.2.

Specific mutations in the Central Helical Scaffold (CHS) domain, like p.H478Y, result in dominant FMF-like
disease in patients (Aldea et al., 2004). Other mutations in this domain are pathogenic but recessive, like
p.F479L. At the same time, some of these mutations significantly heighten pyrin sensitivity to some (e.g.
steroid hormone catabolites, simvastatin), but not all (e.g. UCN-01, TcdA) activating signals in vitro. Our

findings bring attention to the previously unsuspected role of CHS in pyrin regulation.

Pyrin response to steroid hormone catabolites is, on the one hand, B30.2-dependent and, on the other
hand, modulated by mutation in the CHS region. B30.2 and CHS appear to act together in a coupling
mechanism, where an activating signal (or an alleviation of an inhibitory signal) perceived by the B30.2
domain and transduced along the CHS domain, likely through a series of conformational changes, toward
the phosphorylated linker domain (PLD), triggers pyrin dephosphorylation. This cooperation can be seen
in the way pyrin is activated by steroid catabolites. While small doses of pregnanolone and
etiocholanolone are not sufficient to dephosphorylate pyrin and hence to completely activate it, they do
lift pyrin inhibition mediated by the B30.2 domain (step 2) since in this setting, inflammasome activation

can be triggered by pyrin dephosphorylation by a PKC superfamily inhibitor (Magnotti et al., 2021).

Additionally, our discovery of this mode of pyrin activation demonstrates that pyrin regulation by
phosphorylation and pyrin regulation by the step 2 (mediated by B30.2 and CHS, according to our results),
are not completely independent. Pyrin is activated when cells are treated with pregnanolone or
etiocholanolone alone at a high concentration. This potentially means that a strong activation of the
regulatory step 2 can overcome and trigger the regulatory stepl (phosphorylation), suggesting that there

is a mechanistic link between the two checkpoints. Similarly, TcdA/B toxins, known to dephosphorylate
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pyrin can fully activate pyrin (step 1 and 2) suggesting that TcdA/B are able to activate step 2 directly or
by strongly engaging step 1, that these toxins could trigger a coupling mechanism between stepl and

step2.

In fact, such cooperation has already been described in a different CHS- and B30.2-containing protein.
Butyrophilin 3A1 (BTN3A1) is a membrane protein expressed by antigen-presenting cells. Binding of
specific phosphoantigens to the intracellular B30.2 domain of BTN3A1 induces conformational changes in
the B30.2 domain and beyond this domain itself. A series of such conformational changes that involve the
CHS leads to the BTN3A1 dimerizing with another butyrophilin, BTN2A1, and transducing a signal from
the inside of the cell to the outside. This complex on the surface of the antigen-presenting cell interacts
with the y& T cell receptor and activates y& T cells (Rigau et al., 2020; Yang et al., 2019). Interestingly, the
binding pocket of the BTN3A1 protein is hydrophilic (allowing it to accomodate phosphoantigens) while
the corresponding groove in pyrin B30.2 domain is hydrophobic which has implications for the type of

interaction between the B30.2 and its ligand.
Complexity of pyrin regulation by the CHS

The diversity of phenotypes exhibited by pyrin variants with mutations on different residues of the CHS
sheds light on the complexity of pyrin regulation by this region. This complexity is best illustrated by the
contrast between phenotypes of the p.F479L mutant and the p.H478Y mutant expressed in our U937
monocyte model (Table 1). It should be noted that the p.F479L variant is not unique, our results reveal

the existence of at least one other mutation, p.Q426R, with a similar profile.

While both TcdA and UCN-01 trigger pyrin inflammasome activation in both the p.F479L and the p.H478Y
variants similarly to the classical FMF p.M694V variant, there are important distinctions in the behaviour

of these variants.

First, p.F479L variant is hypersensitive to steroid hormone catabolites, activated by a dose of
pregnanolone that is up to 50 times smaller comparing to the WT protein. Additionally, p.F479L pyrin is
activated by a larger spectrum of steroid hormones and their catabolites. In contrast, p.H478Y is less
sensitive to pregnanolone or etiocholanolone than the WT pyrin, and little activation of p.H478Y is

induced by other steroid hormones like progesterone or androsterone (Table 1).

The other important distinction to examine, is the difference in response of these two variants following

treatment with simvastatin. Simvastatin inhibits HMG-CoA reductase implicated in the mevalonate kinase
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pathway. Blocking mevalonate kinase pathway prevents geranylgeranylation of RhoA and inhibits its
activity. At the same time, simvastatin activates pyrin inflammasome (Park et al., 2016). Our findings
demonstrate that CHS mutations of pyrin differentially impact its ability to be activated by simvastatin in
a pattern reminiscent of their effect on pyrin activation by steroid catabolites: the p.F479L variant is
rapidly and potently activated by simvastatin at doses even lower, than those that activate the WT pyrin,

while the p.H478Y variant is not at all activated by simvastatin (Table 1).

This difference in response to simvastatin is surprising considering that both the p.F479L and the p.H478Y
variants are activated by TcdA. Until now, it was thought that simvastatin-induced activation of pyrin, like
its activation by TcdA, is due to the inhibition of RhoA because of a break down in the post-translational
modifications of RhoA. Mevalonate kinase pathway inhibited by simvastatin is the source of
geranylgeranyl pyrophosphate (GGpp) — a substrate used for geranylgeranylation of proteins like RhoA.
GGpp complementation abolishes pyrin activation by simvastatin, supporting this hypothesis (Fig. 1) (Park
et al., 2016). If pyrin activation by TcdA and simvastatin involves the same mechanism of RhoA inhibition
sensing, then what could be behind such a drastic difference in the response of the different variants to

simvastatin (while they respond similarly to TcdA)?

Actually, there could be an alternative mechanism of pyrin activation by simvastatin distinct from pyrin
activation by TcdA. The mevalonate kinase pathway also produces cholesterol in the cell. Therefore,
simvastatin deprives the cell of GGpp and cholesterol at the same time. Cholesterol being the substrate
of steroidogenesis, its deficiency could alter steroid metabolism in the cell. Considering the differential
sensitivity of p.F479L pyrin and p.H478Y pyrin to steroid hormones and their catabolites brought to light

by our results, it is tempting to speculate that pyrin activation by simvastatin is based at least in part on

Pyrin variant:
Treatment: p.F479L p.H478Y  WT  p.M694V
TcdA
UCN-01
Pregnanolone
Etiocholanolone
Progesterone
Simvastatin
Nigericin

Table 1 Comparison of phenotypes exhibited by pyrin variants with mutations in the CHS domain — p.F479L and

p.H478Y, WT pyrin and the prototypical FMIF mutation p.M694V, in response to various stimuli.
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its sensing of cholesterol metabolism — a role that has not been previously assigned to the pyrin
inflammasome (Fig. 1).

Simvastatin
HMG-CoA reductase

Mevalonate kinase pathway

L )9

Geranylgeranyl pyrophosphate Cholesterol
(GGpp)

1

+ GGpp ——— RhoA
(Park et al, 2016 )

PYRIN INFLAMMASOME
ACTIVATION

Figure 1. Pyrin inflaimmasome activation by simvastatin. Simvastatin targets HMG-CoA reductase, an enzyme
implicated in the mevalonate kinase pathway. Its inhibition results in the inhibition of geranylgerany!
pyrophosphate (GGpp) synthesis and of cholesterol synthesis. Complementation with GGpp prevents pyrin
activation by simvastatin, as demonstrated by Park and colleagues. Our results strongly suggest that pyrin

activation by simvastatin is at least partially mediated by pyrin sensing cholesterol metabolism.

Cholesterol metabolism sensing by pyrin

Mevalonate kinase pathway provides the cell with cholesterol as well as other important metabolites.
Steroidogenesis uses cholesterol to transform it into other steroid molecules such as glucocorticoids and
steroid sex hormones. Simvastatin inhibits the mevalonate kinase pathway, and limits cholesterol
synthesis in the cell (Fig. 2) (Tang, 2022). Statins inhibit synthesis of steroid molecules both in vitro and on

the scale of an entire organism (Stamerra et al., 2021).
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Results provided in this manuscript lead us to believe that pyrin senses various steroids and their
derivatives with varying affinity and varying effects on the pyrin inflammasome. For example, it appears
that both progesterone and pregnanolone impact pyrin activation (Additional results, Fig. 2).
Progesterone has either a neutral or an inhibitory effect on the pyrin inflammasome and likely has a
weaker affinity to pyrin if the binding is direct. On the other hand, pregnanolone can activate pyrin and is
sensed with a higher affinity, because it is able to activate the pyrin inflammasome as soon as its

concentration is equal to that of progesterone (Additional results, Fig. 2).

We hypothesize that pyrin activation by simvastatin is at least partially due to pyrin-mediated sensing of
cholesterol metabolism imbalance induced by the statin treatment. We propose a model where pyrin
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Figure 2. Mevalonate kinase pathway. Simvastatin, inhibitor of HMG-CoA reductase, is pictured on the right in a
black box. Geranylgeranyl pyrophosphate (GGpp) and cholesterol are highlighted by red boxes (adapted from
Fessler et al, 2016).
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would act as a sensor of steroid metabolism in the cell. According to this model, pyrin activation in
response to simvastatin treatment would go through the following mechanism: as cholesterol synthesis
is inhibited by the statin, so is steroidogenesis since it is dependent on cholesterol. Steroids present in the
cytoplasm of the cell would be progressively depleted, molecules that are most upstream of the
steroidogenesis pathway (e.g. progesterone or testosterone) would decrease before their catabolites (e.g.
pregnanolone or etiocholanolone). As the equilibrium between steroids and their catabolites shifts
towards the catabolites, pyrin would sense the increasing concentration of steroid derivatives in
comparison to the decreasing concentration of the steroids and trigger inflammasome activation (Fig. 3).
This mode of steroid metabolism sensing would also explain slower cell death kinetics observed when
monocytes expressing WT pyrin are treated with simvastatin: we begin to observe Pl incorporation only
6-9 hours post-treatment. For reference, TcdA triggers cell death within 2-3 hours post-treatment in U937

monocytes and steroid catabolites trigger cell death within the first hour post-treatment.

To confirm this model several crucial steps need to be verified. First, we would like to clarify the effect of
progesterone sensing on pyrin inflammasome activity. Our first observations suggested that pyrin was not
able to sense progesterone because progesterone did not induce pyroptosis in pyrin-expressing cells
unlike pregnanolone or etiocholanolone. Our more recent results presented in this manuscript
demonstrate that progesterone counters pregnanolone-mediated pyrin activation, as long as
progesterone concentration is higher than that of pregnanolone, which suggests that pyrin does sense
progesterone, either directly or indirectly (Additional results, Fig. 2). The next step would be to test
whether progesterone can counter pyrin activation by other stimuli such as TcdA, that activates pyrin by
inhibiting RhoA or UCN-01 that activates p.M694V-expressing pyrin by promoting pyrin

dephosphorylation.

Additionally, it would be important to establish whether this steroid/catabolite antagonistic sensing is also
valid for the testosterone/etiocholanolone couple, etiocholanolone being the other steroid derivative we

identified that is able to activate WT pyrin and is a catabolite of testosterone.

Local steroidogenesis by macrophages and monocytes does occur (Yamauchi et al., 2022), but to the best
of our knowledge monocytes lack the 5B-reductase - AKR1D1 - necessary to produce molecules such as
pregnanolone or etiocholanolone (Chen and Penning, 2014; Schiffer et al., 2019). AKR1D1 is almost
exclusively expressed in the liver. Therefore, the question remains open of how pyrin had evolved to sense

such steroid derivatives not naturally produced by myeloid cells. It is possible that although in our
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experiments we use specific steroid molecules, in physiological setting pyrin would sense different

molecules that share stereochemical features with the steroids we use.
And finally, it is crucial to establish whether pyrin sensing of steroid metabolites is direct.
B30.2 steroid sensing

The question of direct binding of steroid molecules to the pyrin B30.2 is central for our understanding of
pyrin activation by these molecules. Several pieces of evidence strongly suggest that steroids bind directly

to the B30.2 of pyrin.

Pyrin activation by pregnanolone and etiocholanolone occurs within a very short time: pyroptosis is
triggered within 30 minutes after treatment. Therefore, the mechanism of pyrin inflammasome activation

by steroid catabolites is most likely non-genomic.

Pyrin inflammasome activation by pregnanolone and etiocholanolone is B30.2-dependent. When
monocytes expressing pyrin without the B30.2 domain (AB30.2) were exposed to pregnanolone, we
observed no Pl incorporation, so no inflammasome activation (Magnotti et al., 2021). Pyrin B30.2 contains
a hydrophobic cavity that could be a ligand-binding site. According to docking experiments performed in
silico by our group, pregnanolone (and etiocholanolone) localized in the ligand-binding pocket of pyrin
B30.2 (Fig. 4A). We also assessed steroid catabolite binding to the B-Box-CHS-B30.2 fragment of pyrin by
microscale thermophoresis (MST). Although we were not able to obtain the Kd/Ka value for the
interaction, we did observe a shift suggesting that there is an interaction between pyrin and pregnanolone
(Fig. 4B). This experiment will require further optimisation to overcome technical difficulties linked to low

solubility of steroid catabolites.

In addition, murine macrophages are deficient for steroid catabolites response in agreement with the
murine pyrin protein not containing the B30.2 domain. Yet, ectopic expression of human pyrin in murine

macrophages render them susceptible to steroid catabolites.

Finally, a genome-wide CRISPR/Cas9 screen on U937 pyrin-expressing monocytes treated (or not) with
pregnanolone identified the PYCARD and MEFV genes, encoding the ASC and Pyrin proteins respectively.
The same screen did not reveal any obvious steroid receptors to be involved in pyrin activation by

pregnanolone (Dalmon S., unpublished data by our group).
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Nevertheless, this evidence is secondary and not sufficient to definitively conclude that steroid catabolites

directly bind pyrin B30.2. We would like to focus further effort on confirming this direct interaction.

Alternatively, steroids produce non-genomic effects on their target cells by interfering with the MAPK
pathway or by modulating the intracellular Ca?* (Foradori et al., 2008; Guo et al., 2002). Mobilisation of
calcium is one of the triggers of the NLRP3 inflammasome (Murakami et al., 2012; Zhou et al., 2020). If
pyrin activation by steroid derivatives is not direct and requires a mediator, then it could be triggered by

Ca?* signalling. This hypothesis remains to be tested experimentally.
Physiological pertinence of steroid sensing by pyrin

In physiological setting steroid catabolites reach plasma concentrations that are much smaller than those
needed to fully activate pyrin inflammasome. In the last weeks of pregnancy when serum pregnanolone
reaches its peak, it can be as high as 70 nM (Deligiannidis et al., 2016; Hill et al., 2007). Therefore, it is
likely that steroid molecules alone are not naturally able to fully activate the WT pyrin inflammasome at

least in circulating cells. However, they could mediate a “priming” of pyrin which would facilitate
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Figure 4. Thermophoresis Preliminary evidence suggesting direct binding of pregnanolone to pyrin. (A) In silico
docking of pregnanolone (green) in the pyrin B30.2 domain (magenta), performed using AutoDoc4. Docking
performed by Sarah Dalmon. (B) Microscale thermophoresis (MST) Binding check of recombinant Pyrin B-Box-CHS-
B30.2 domain in the absence (blue dot) or presence (green dot) of pregnanolone (5 uM). Experiment performed by

Flora Magnotti.
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subsequent pyrin activation by other stimuli. Indeed, we observed that a low concentration of
pregnanolone (6 M) not sufficient to activated WT pyrin, “sensitized” pyrin to the UCN-01 treatment or
a suboptimal dose of TcdA which do not trigger WT pyrin activation under normal conditions (Magnotti

et al., 2021).

Furthermore, while systemic concentrations of pregnanolone are likely not sufficient to trigger pyrin
inflammasome, local concentrations of pregnanolone in tissue might prime or even activate pyrin.
Similarly, extracellular ATP which is used at 5-10 mM to activate the NLRP3 inflammasome is thought to
be a physiological activator of the NLRP3 inflammasome in tissues (Amores-Iniesta et al., 2017; Baron et

al., 2015).

“Priming” of pyrin by steroid catabolites could be behind recurrent attacks of fever experienced by FMF
patients. Emotional and physical stress are among the most common triggers of inflammatory bouts
reported by FMF patients (Karadag et al., 2013; Kishida et al., 2020). Stress is also strongly associated with
an increased concentration of pregnanolone in serum (Park et al., 2017; Stréhle et al., 2002). Between a
third and a half of women with FMF report having menstruation-associated autoinflammatory attacks
(Akar et al., 2006; Kishida et al., 2020). The beginning of the menstrual cycle is accompanied by a drastic
drop in serum progesterone. When progesterone is eliminated from the body, it undergoes several
biochemical modifications, one of the catabolites formed in this process is pregnanolone (Schiffer et al.,

2019).

That being said, there is no significant difference in the incidence of FMF between men and women,
despite adult women having a fluctuating but always higher progesterone level in serum than men (Bhatt
and Cascella, 2022). Yet, this absence of sex bias in FMF might be due to the fact that etiocholanolone, a

testosterone catabolite, can also activate pyrin although slightly less than pregnanolone.

Elevated progesterone and pregnanolone are characteristic of the last weeks of pregnancy, but some
women with FMF experience a complete remission during pregnancy while others report no change in
their symptoms or increased severity of febrile attacks (Ben-Chetrit and Levy, 2003). Puberty is associated
with drastic hormonal changes in the body but, although the vast majority of FMF patients experience the
first attack of the disease before the age of 20, there is no documented link between the onset of FMF

and puberty.

Importance of specific residues in pyrin activity
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As mentioned before, it is intriguing to see such a difference between the phenotypes of p.F479L and
p.H478Y variants that impact amino acids located right next to each other on one a-helix of the CHS. This
highlights the importance of specific amino acids, their biochemical properties, and their position in pyrin
activity. Unfortunately, our attempts at elucidating specific intra- or inter-molecular interactions involved
in the sensing of steroids and their catabolites by pyrin did not yield a clear understanding of the
mechanism (Additional results, Fig.4 and Fig.5). It would be crucial for the understanding of pyrin
activation to dig deeper into the interactions within pyrin oligomers before and during inflammasome
activation by various stimuli. With more detailed knowledge about the structure of the entire protein we

could better analyse the impact of pyrin mutations.
Pyrin-Associated Autoinflammatory Diseases (PAAD)

Classification of FMF-associated pyrin variants is notoriously difficult. There is no clear prediction
algorithm to evaluate the pathogenicity of FMF mutations or the severity of disease they would produce.
The scientific community proposed several attempts at classifying pyrin variants, but none have stuck so

far.

Patients carrying the same mutation or the same combination of mutations can present with very
different phenotypes: what can be a dominant PAAND in one patient, can be an asymptomatic carrier
state for another (Kiyota et al., 2020; Masters et al., 2016). Some mutations occur frequently and are
believed to be non-pathogenic by themselves but contribute to severity of disease when combined with
other mutations (Miyashita et al., 2022). The difficulty of categorizing pyrin mutations is evident from the
number of FMF-associated mutations listed in the Infevers database that are classified as Variants of
Unknown Significance (VUS). Currently 115 mutations (29 %) are classified as VUS out of 391 mutations
listed, while only 5 (1.3 %) mutations are classified as pathogenic and 57 (14.5 %) as likely pathogenic (Fig.
5) (Infevers database, consulted on 20/09/22).

The panoply of autoinflammatory diseases associated with aberrant pyrin inflammasome activation was
illustrated earlier in this manuscript. Several of these disorders arise from mutations in genes other than
MEFV. However, at least two well defined diseases — PAAND and FMF — are linked directly to mutations
impacting pyrin and even they contain a considerable variability of clinical presentations. In light of such
complexity the term pyrin-associated autoinflammatory disease (PAAD) has been recently suggested

(Boursier et al., 2019).
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We believe that this clinical complexity arises from the fact that pyrin protein inflammasome is regulated
by multiple mechanisms, not all of which are well-known to science. Pyrin is inhibited by phosphorylation
which is maintained by RhoA effectors PKN1/2. The breakdown of this checkpoint causes PAAND. Pyrin is
also inhibited by a mechanism linked to microtubule dynamics. This mechanism appears to be broken
down by B30.2 mutations that cause classical FMF which in most cases is a recessive disease. Finally,
mutations located in the CHS domain of pyrin modulate passage of the activating signal from B30.2 to the
phosphorylation sites of pyrin. At this time, it is still unclear whether these mutations cause a typical FMF
or whether a particular symptomatology could be associated with these mutations possibly in relation
with the physiology of sex hormones catabolism, secondary bile salt generation by the microbiota or
cholesterol metabolism. Finally, it remains to be understood why certain MEFV mutations cause dominant
FMF (e.g. p.H478Y, p.P373L, p.M694del) while other do not (e.g. p.F479L, p.M694V). Of note, our U937
model currently does not allow us to test the dominance/recessivity of pathogenic pyrin variants, which

is one of the limitations of our experimental model.
Limitations of the model

The majority of experiments assembled in this manuscript were performed in U937 monocytes, where
pyrin is under the control of a doxycycline promoter. This is an overexpression system prone to biases
such as excessive inflammasome activation in response to more potent triggers. It is likely that this system
is not well suited to study more subtle mechanisms that rely on an equilibrium of
phosphorylation/dephosphorylation or delicate balances of cholesterol metabolism. Additionally,
regulation of inflammasome activation differs between monocytes, macrophages, and neutrophils —

different cell subsets that express pyrin.

The genetic construct introduced in our U937 monocytic cell lines contains only the coding DNA sequence
(CDS). Some aspects of pyrin regulation such as non-coding RNA targeting 5'UTR or 3’UTR sequences are

absent from our model.

Hence, we strive to systematically validate the observations from the U937 system in primary peripheral

mononuclear cells obtained from healthy donors or patients with FMF or FMF-like diseases.

The cell culture medium used in our experiments is complemented with foetal calf serum which may
contain pregnancy-associated hormones. We cannot exclude that this may influence pyrin inflammasome

activation.
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Additional difficulty in the study of the pyrin inflammasome through the prism of mutations linked to FMF
is that there is an inevitable bias in the choice of residues that receive closer examination. It would be

beneficial to develop methods that would allow to scan through pyrin residues in an unbiased manner to

determine their importance in pyrin function.
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Figure 5. FMF-associated mutations located in the coding DNA sequence of the MEFV gene listed in the
Infevers database (accessed on 20/09/2022). Pathogenic mutations appear in red, likely pathogenic are

in yellow. Variants of unknown significance (VUS) appear in blue.
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MATERIALS AND METHODS
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The following section contains “Methods and Protocols” chapter published in Methods in Molecular
Biology in June 2022. It includes a detailed description of key protocols used by our group for functional

assessment of disease-associated pyrin variants.
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Abstract

The pyrin inflammasome detects effectors and toxins that inhibit RhoA GTPases and triggers
inflammatory cytokines release and a fast cell death termed pyroptosis. Ancient plague pandemics in
the Mediterranean basin have selected in the human population pyrin variants that can trigger an
autoinflammatory disease termed Familial Mediterranean Fever (FMF). In addition, distinct mutations
in MEFV, the gene encoding pyrin, cause a different rare autoinflammatory disease termed, Pyrin-
Associated Autoinflammation with Neutrophilic Dermatosis (PAAND). As of today, more than 385
MEFV variants have been described although for most of them, whether they are pathogenic variant

or benign polymorphism is unknown.

Here, we describe different methods using primary human monocytes or engineered monocytic cell
lines to functionally characterize MEFV variants, determine their potential pathogenicity and classify

them as either FMF-like or PAAND-like variants.

Keywords: Pyrin, inflammasome, familial Mediterranean fever, Pyrin-Associated Autoinflammation

with Neutrophilic Dermatosis, MEFV, pyroptosis, real time cell death assay, IL-1B

1. Introduction:

MEFV encodes the pyrin protein, an important player of the antibacterial innate immune responses

(Aubert et al., 2016; Chung et al., 2016; Jamilloux et al., 2018; Ratner et al., 2016; Xu et al., 2014).
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Mutations in this gene are associated with two auto-inflammatory disorders: familial Mediterranean
fever (FMF), the most frequent hereditary auto-inflammatory disease (“Ancient missense mutations in
a new member of the RoRet gene family are likely to cause familial Mediterranean fever. The
International FMF Consortium,” 1997; French FMF Consortium, 1997; Manukyan and Aminov, 2016),
and a rare disease termed Pyrin-Associated Autoinflammation with Neutrophilic Dermatosis (PAAND)
(Moghaddas et al., 2017). In these patients, MEFV mutations lead to a deregulation in the pyrin-
associated inflammatory responses causing recurrent inflammation (Masters et al., 2016; Ozen et al.,
2003).

Pyrin is an inflammasome sensor on the front line of the innate immune response against pathogens.
Inflammasomes work as multi-protein complexes formed in response to cytosolic pathogen-associated
molecular patterns (PAMPs), endogenous damage-associated molecular patterns (DAMPs) or
homeostasis-altering molecular processes (HAMPs) (Fabio Martinon et al., 2002). Three major events
characterize pyrin inflammasome formation and can be used as readouts to monitor inflammasome
activation: 1) ASC (Apoptosis-associated Speck-like protein containing a CARD) speck formation. ASC
is the inflammasome adaptor. It oligomerizes to form a “speck” in the cytosol as the inflammasome
complex is assembled (Fernandes-Alnemri et al., 2007). ASC speck constitutes a platform onto which
the inflammasome effector, caspase-1 is recruited, and activated; 2) Pyroptosis. Pyroptosis is an
inflammatory form of cell death due to the caspase-1-mediated cleavage of Gasdermin D. Gasdermin
D is a pore-forming protein that, upon cleavage, oligomerizes in the plasma membrane and mediates
a fast necrotic cell death (Kayagaki et al., 2015; Liu et al., 2016); 3) the release of pro-inflammatory
cytokines (Interleukin-1pB (IL-1B) and Interleukin-18 (IL-18)) into the extracellular space (B. T. Cookson
and Brennan, 2001; Fabio Martinon et al., 2002).

Pyrin acts as a guard mechanism for RhoA GTPases inhibition (Chung et al., 2016; Ratner et al., 2016;
Xu et al., 2014). Numerous bacterial effectors such as YopE and YopT from Yersinia spp. (Chung et al.,
2016; Ratner et al., 2016), TecA from Burkholderia (Aubert et al., 2016) and numerous toxins such as
Clostridioides difficile toxins A and B (TcdA/TcdB) inhibit RhoA by covalent modifications. Pyrin does
not recognize neither the bacterial effectors/toxins nor the covalent modifications, but senses RhoA
inhibition (Xu et al., 2014). Indeed, at steady state, RhoA maintains pyrin inactive via the dynamic
activation of the two RhoA effectors, PKN1 and PKN2. PKN1 and PKN2 are kinases from the PKC
superfamily that phosphorylate Pyrin on two serine residues (5208 and S242). The phosphorylated
Pyrin binds 14-3-3 chaperone proteins, which sequester Pyrin away from an active inflammasome (Gao
et al., 2016; Park et al., 2016). When RhoA GTPases are inhibited, PKN1/2 are no longer activated, and
Pyrin is no longer phosphorylated. In the dephosphorylated state, Pyrin is able to assemble the

inflammasome complex and triggers the inflammatory response (Gao et al., 2016; Masters et al., 2016;
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Park et al., 2016; Van Gorp et al., 2016). MEFV mutations affecting one the phosphorylation sites or
14-3-3 binding sites alleviate this regulatory mechanism and are causing PAAND (Hong et al., 2019;
Masters et al., 2016; Moghaddas et al., 2017).

The Pyrin inflammasome activation mechanism has not been fully deciphered but we demonstrated
that Pyrin dephosphorylation is insufficient to activate the inflammasome. Indeed, blocking Pyrin
phosphorylation through PKN1/2 inhibition (using the PKC superfamily inhibitor UCN-01) or genetic
approaches (by mutating the S208/5242 residues), does not activate Pyrin in primary monocytes from
healthy donors. On the contrary, dephosphorylation of Pyrin is sufficient to activate the pyrin
inflammasome in monocytes from FMF patients (Magnotti et al., 2019). Pyrin activation is thus
controlled by two mechanisms, the first one depending on (de)phosphorylation which is constitutively
activated in PAAND patients and a second poorly understood mechanism, which is constitutively
activated in FMF patients. This differential response to pyrin dephosphorylation (i.e. to UCN-01
treatment) is at the basis of the assays described here to discriminate FMF-like MEFV variants patients
from WT-like variants. Of note, another technique based on the in vitro resistance to colchicine
inhibition has been previously described (Van Gorp et al., 2016). Furthermore, combining a PAAND
mutation (constitutive activation of signal 1) with a FMF mutation (constitutive activation of signal 2)
results in a constitutively active Pyrin inflammasome. We thus present a technique based on genetic
engineering of a monocytic cell line to classify MEFV variants for their potential pathogenicity (FMF-
like or PAAND-like variant). Finally, we detail methods to investigate the impact of MEFV mutation on
Pyrin phosphorylation level. Altogether, the techniques presented here allow to monitor activation of
the Pyrin inflammasome using several stimuli and several readouts, in primary human monocytes and
in MEFV variant-expressing monocytic cell lines to be able to assess the functional impact of MEFV

mutations and determine their potential pathogenic impact.

2 Materials:

2.1 Pyrin-expressing U937 cell lines

Generation of pyrin-expressing U937 cell lines is not described as a specific method since these cells
are generated by standard transduction methods (Magnotti et al., 2019). 3xFLAG-MEFV-expressing
lentiviral plasmids are available at Addgene (e.g. #134702, 134703, 134706 for 3xFLAG-WT, p.M694V
and p.S208C/S242R/M694V MEFV-expressing plasmids, respectively). Site-directed mutagenesis of
MEFV gene to generate novel sequence variant of interest can be performed either on the lentiviral
plasmid or on the parental entry plasmid (Addgene #167018, 167118, 167020 for pENTR1A-WT,
p.M694V, p.S242R MEFV) (Note 1). pINDUCER21 vector (Meerbrey et al., 2011) derivatives are used
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and contains GFP for FACS sorting-based selection and a doxycycline-inducible promoter driving MEFV
expression.
1. Cell culture medium: RPMI 1640 with GlutaMAX, 10% foetal calf serum (FCS).
2. Doxycycline (Sigma, D9891): stock at Img/mL in water, filter-sterilize, aliquot and store at -
20°C. Final concentration: 1 pg/mL (Note 2).
2.2 Primary monocytes
Isolation of primary monocytes is not described as a specific method since standard procedures are
used. Experimental work on primary human cells requires ethical approval. Procedures have been
optimized to limit the cell number (Jamilloux et al., 2018) (Table 1) and we routinely perform several
inflammasome stimuli and readouts with 4 mL of blood drawn in heparin-coated tubes. Tubes are kept
overnight at room temperature (RT) before isolation the next day using density-gradient centrifugation
and CD14-based positive selections (Magnotti et al., 2020, 2019).
2.3 Pyrin phosphorylation level
1. Lysis buffer: 25 mM Tris HCI pH 7.0, 150 mM NaCl, 1 mM EDTA, 0.1% lgepal CA-630 (NP40)
supplemented with: 10mM Sodium fluoride (phosphatase inhibitor), and cOmplete™ EDTA-
free Protease Inhibitor Cocktail (Roche, 05056489001).
2. Anti-Flag beads: ANTI-FLAG M2 Affinity Gel (Sigma, A2220) or Anti-FLAG® M2 Magnetic Beads
(Sigma, M8823).
3. WB blocking buffer: Tris buffered saline buffer (25 mM Tris-base, 137 mM NaCl, 2.7 mM KCl,
pH 7.5), 1% (v/v) Tween, 5% (w/v) skimmed milk.
4. Antibodies: Anti-Pyrin (phospho S241) antibody [EPR19570] (Abcam, ab200420) diluted
1:1000, anti-Pyrin (phospho S205) antibody [EPR19567] (Abcam, ab201784) diluted 1:1000
(Note 3), anti-Pyrin (human), pAb (AL196) (Adipogen, AG-25B-0020-C100) diluted 1:2000, Anti-
Actin Antibody clone C4 (Millipore, MAB1501) diluted 1:5000.
2.4 ASC speck immunofluorescence
1. Fixative: 2% (w/v) paraformaldehyde in PBS.
2. Cytocentrifuge: Cytospin 3 (Shandon), cytofunnels, cytoclips, disposable filter cards (Thermo
Scientific, 5991022).
Permeabilization buffer (PBS-T): PBS, 0.1% (v/v) Triton X100.
Blocking buffer: PBS, 0.1% (v/v) Triton X100, 3% (w/v) BSA, 3mM NaNs.
PAP thick pen for immunostaining (Dutscher, 490001)

o v koW

Antibodies: anti-ASC (Santa Cruz, sc22514R, 4ug/mL); Alexa 488-goat anti-rabbit antibodies
(Invitrogen, A-110088, 10ug/mL)
7. DAPI: Stock at Img/mL in water, use at 100 ng/mL in PBS-T
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8. Fluoromount-G Mounting medium (Invitrogen, 00-4958-02)
2.5 Inflammasome stimuli
Inflammasome stimuli are presented in Table 2.
2.6 Real time cell death assay
1. 96-well plates black flat bottom.
2. Supplemented CO;-independent medium: CO,-independent medium supplemented with 10%
FCS, 2 mM glutamine.
3. Propidium iodide: stock 1 mg/mL in water, filter sterilize, use at 5 ug/mL final.
4. Triton X100 (Sigma, X100): stock at 10% (v/v) in water, use at 1 % final.
5. Required apparatus: Plate fluorimeter with thermoregulation (CO, Chamber dispensable).
2.7 ELISA
1. Nunc MaxiSorp™ flat-bottom, for ELISA assay.
2. Phorbol 12-myristate 13-acetate (PMA) (Invivogen, tlrl-pma): stock at 5 mg/mL in water, use
at 100 ng/mL final
3. ELISAIL-1B: Human IL-1 beta/IL-1F2 DuoSet ELISA (R&D, DY201 )
4. ELISAIL-18 : Capture antibody: Anti-human IL18 (R&D, D044-3) at 4ug/mL; Detection antibody:
biotin labeled anti-human IL18 (R&D, D045-6) at 500ug/mL; Standard protein: recombinant
human IL18 (R&D, B001-5)

3. Methods

To functionally assess the role of MEFV mutations, we evaluate the activity of the corresponding Pyrin
inflammasome in response to various stimuli (e.g. UCN-01 for FMF-like variants) or by combining them
with the well-known FMF mutation (p.M694V) or PAAND mutation (p.S242R). The decision tree to
classify novel pyrin variants as FMF-like, PAAND-like or likely benign based on the techniques described
here and the current knowledge in the field is presented in Fig. 1. Pyrin phosphorylation level can be
investigated as an additional mechanistic insight especially for PAAND-like mutations. Three readouts
for pyrin inflammasome activation are routinely examined: i) ASC speck formation, ii) pyroptosis, and
iii) the release of pro-inflammatory cytokines. All these analyses can be performed using MEFV-
expressing U937 cell lines (see Material 1) or primary human monocytes, with the exception of Pyrin
phosphorylation monitoring by Western blot analysis, which has been optimized for cell lines.

3.1 Determination of pyrin phosphorylation level by immunoprecipitation followed by Western blot

This protocol aims at determining the phosphorylation level of serine 208 and 242 residues of Pyrin

using 3xFlag-MEFV-expressing U937 cell lines. Typical results are presented Fig. 2.
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Incubate the cells in cell culture medium supplemented with 1ug/mL doxycycline overnight at
37°C, 5% CO,, to induce MEFV expression. Keep 2*10° U937 cells without doxycycline (or a
control U937 cell line not expressing a flag-tagged protein) to saturate the anti-Flag beads.
Count the cells and seed the appropriate amount (Table 1) in fresh medium. Proceed to the
treatment (e.g. UCN-01, 12.5 uM, 15 min).

Collect cells in 1.5 mL tubes. Wash the cells once with ImL ice-cold PBS (centrifuge 5 min 120
rcf 4°C). Resuspend the cell pellet in 400 pL of ice-cold lysis buffer. Lyse cells during 1 h at 4°C
on a rotating wheel or store at -80°C. Clarify the lysate by centrifuging 10 min at 14 000 rcf 4°C.
Set aside 30 L for input control (add 10 uL of loading dye, boil for 5 min at 95°C and store at
-20°C).

Take 10 pL of beads slurry per sample. Wash 3 times with 1 mL lysis buffer. Add the clarified
U937 lysates (400 pL, without doxycycline) to the beads to saturate the non-specific binding
sites. Incubate on a rotating wheel at 4°C for 30 min. Wash once in lysis buffer and resuspend
in 100 pL of lysis buffer / sample.

Add the clarified lysate sample to the 100 pL beads mix. Incubate on a rotating wheel at 4°C
for 2 h. Wash the beads 3 times in ice-cold lysis buffer. Resuspend beads in 20 pL loading dye,
boil for 5 min at 95°C and proceed to Western blot analysis or store at -20°C.

Perform a classic SDS-PAGE followed by transfer on PVDF membrane. Block membranes in WB
blocking buffer for 1 h. Incubate membranes with primary antibodies diluted in WB blocking
buffer for 1 h at RT or overnight at 4°C using anti-phospho pyrin, anti-pyrin and anti-actin

antibodies. Proceed using regular Western blotting protocol.

Compare phosphorylation level to WT, p.S208C and p.S242R MEFV-expressing cells to evaluate

whether the considered MEFV variant affects serine residue 208 or 242 phosphorylation level. If so,

the considered variant can be classified as a PAAND-like variant. Do not conclude on negative results

since PAAND can be caused by defects in 14-3-3 binding (Moghaddas et al., 2017).

3.2 ASC speck visualization by Immunofluorescence (IF)

1.

Plate U937 cells and incubate overnight with 1 ug/mL doxycycline. Alternatively, for IF on
primary monocytes, seed the cells and proceed immediately with the treatments. Count the
cells and seed the appropriate cell number in a V-bottom 96-well plate.

Proceed with the treatments as applies in your experiment (typically, 1-untreated, 2-UCN-01
12.5 uM 30 min, 3-LPS 3 h followed by nigericin during 90 min).

Following the indicated incubation period, centrifuge the plate for 5 min 120 rcf at RT and

wash with PBS.
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4. Resuspend the cells in 100 pL of paraformaldehyde 2% in PBS, incubate for 15 min at 37°C.
Centrifuge for 5 min 120 rcf RT, wash the cells once with PBS. Resuspend in 100 uL PBS.
Proceed with the slide preparation or store at 4°C.

5. Use cytospin to transfer cells onto glass slides. Place the slide in the cytoclip, place the filter
card (absorbent side up) and cytofunnel on top, close the cytoclip and make sure that the
circles in the filter card and the cytofunnel align by looking at the bottom. Place the assembled
device in the cytospin and deposit the sample through the funnel. Spin for 5 min at 450 rpm
RT. Undo the cytoclip and carefully remove the filter card, without disturbing the cells now
stuck onto the slide.

6. Delineate a circle around the samples using a hydrophobic marker and place the slide in PBS-
T—the slides should be covered with liquid —to permeabilize the cells. Incubate for 10 min at
RT. Replace the PBS-T with blocking buffer and incubate slides for 1 h at RT or store at 4°C
overnight.

7. Prepare a humidity chamber to accommodate all your slides. Prepare 50uL per sample of anti-
ASC antibody in blocking buffer. Refresh the hydrophobic marker circle around the samples.
Carefully place 50uL of the antibody mix over the samples. Incubate in the humidity chamber
for 1 h at RT.

8. Wash the slides 3 times by dipping them in 3 consecutive 50 mL tubes of PBS-T. Refresh the
hydrophobic marker around the samples. Prepare 50 L per sample of the secondary antibody
(e.g. Goat anti-Rabbit-Alexa 594) in blocking buffer and depose it over the samples. Incubate
1 hatRT.

9. Wash 3 times as described above. Stain with DAPI for 5 min at RT.

10. Wash the slides twice and add one final wash with Milli-Ro water to remove salts. Place 2 uL
of the mounting solution in the centre of the cover glass, spread it with the tip of the pipette
and carefully place the cover glass on top of the sample, avoiding bubbles. Let the slide dry
away from daylight and preferably at 4°C.

11. Acquire images with a fluorescence microscope or confocal microscope (Fig. 3). If you observe
specks formation in response to UCN-01, your cells likely harbour a FMF-like MEFV variant
(Note 4). Compare with primary monocytes from healthy donors (HD) and p.M694V
homozygous FMF patient or the corresponding U937 cell lines.

3.3 Real-time cell death analysis by propidium iodide (PI) incorporation:
1. Seed the cells in triplicates for each condition, plan an untreated condition and a “Triton X-

100” condition, which will provide the fluorescence value corresponding to 100% of cell death.
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2. Count the cells and seed cells in a black flat-bottom 96-well plate in supplemented CO-
independent medium (see Note 5) in the presence or absence of doxycycline at 1 ug/mL.

3. Add Triton X-100 1% final in the "total cell death" wells. Add propidium iodide (Pl) to each well
(5 pg/mL final).

4. Immediately start the acquisition of the Pl fluorescence, corresponding to the Pl incorporation
into dead cells, using a thermostatic fluorimeter (e.g. Tecan M200) at 37°C with the following
wavelengths: excitation 535 nm (bandwidth 15 nm) and emission 635 nm (bandwidth 15 nm)
(Christopher L. Case and Roy, 2011; Pierini et al., 2012). To evaluate the cell death associated
with MEFV variant expression (constitutive activation), measure Pl incorporation every 15 min
for 16 h.

5. 16 h later, stop the fluorimeter and add inflammasome stimuli (e.g. UCN-01 at 12.5 uM, Note
6). Start a novel acquisition with readings every 5 min for 3 h (Note 7).

Alternatively, for primary monocytes, proceed immediately to inflammasome stimuli

treatment and a short kinetics readings every 5 min for 3 h.

6. To determine the percentage of dead cells for each condition, analyse the data as
follows: Calculate the average of the untreated triplicates for each time point. Calculate the
average of the Triton X-100 triplicates for each time point. Select the maximum Triton X-100
mean value (this value corresponds to the PI fluorescence corresponding to 100% of dead
cells). Determine the percentage of dead cells for each condition (each well) and time point
using the following calculation Cell deathwenx= ((fluorescence value well X - average Untreated)
/ (Max Triton X-100 mean value - average Untreated)*100).

7. Plot the cell death results along time using the appropriate graphing software (e.g. GraphPad
Prism) to obtain the cell death curves in relation with time (Figs. 4-5).

Quantifying the corresponding area under the curves (AUC) allows to compare statistically the
real time cell death curves. The AUC can be calculated with specific software such as the

GraphPad prism feature: Analyze/XY Analyses/Area under curve (Figs. 4C, 4F).

If when combined with p.M694V mutation, the studied MEFV mutation triggers constitutive cell death
(i.e. in the presence of doxycycline), the corresponding mutation is a PAAND-like mutation. If when
combined with the p.S242R mutation, the studied MEFV mutation triggers constitutive cell death (i.e.
in the presence of doxycycline), the corresponding mutation is a FMF-like mutation. If the studied
MEFV mutation triggers UCN-O1-mediated cell death, the mutation classifies as a FMF-like mutation
(Fig. 1) (Note 8).
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3.4 Quantification of IL-13 and IL-18 release by ELISA

1. Seed the cells in triplicates for each condition. To assess IL-1B release, U937 cells require
differentiation in macrophages with PMA treatment (See Note 9). IL-18 quantification does
not require PMA differentiation but requires a greater cell number (Table 2). Primary
monocytes do not require PMA neither for IL-1B nor for IL-18. Include a “LPS alone” control.

2. Count and plate the cells in a flat-bottom 96-well plate at the required concentration in cell
culture medium. For U937 cells and IL-1 ELISA, seed cells at day 0 and perform a 3 h pulse
with PMA (100 ng/mL). Wash cells and incubate for 24 h. On day 1, treat with doxycycline (1
pg/mL). 12 to 16 h later (day 2), add the relevant stimuli. For U937 cells and IL-18 ELISA, start
at the doxycycline step. For primary monocytes proceed directly with the treatments.

3. Spinthe plate for 5 min and 120 rcf at RT and replace medium with fresh cell culture medium.

4. Prime with LPS during 3 h at 37°C, 5% CO..

5. Add the signal 2 (e.g. nigericin or UCN-01). Incubate at 37°C, 5% CO; for 3 h (1.5 h for primary
monocytes).

6. Spin plates for 5 min and 120 rcf at RT and collect supernatant in a separate 96-well plate.
Store at -80°C until the ELISA is performed according to manufacturer's protocol (Fig. 6).
Analyse the results in comparison to HD monocytes/ WT MEFV and p.M694V MEFV-expressing

U937 cells and conclude on the nature of the studied MEFV variant using Fig. 1 decision tree.

4 Notes:

1.

Site-directed mutagenesis to introduce novel mutation in the MEFV sequence can be performed
in the lentiviral plasmid (e.g. pINDUCER21-WT MEFV) using a proofreading polymerase with high
processivity (e.g. Pfu Ultra Il, Agilent 600672). This can be challenging due to the large size of the
vector (=13kb). We routinely perform site-directed mutagenesis on the parental entry plasmid
(e.g. pENTR1A-WT, p.M694V, p.S242R MEFV, =5kb) and clone the mutated MEFV variant in
plnducer 21 using Gateway cloning (Gateway® LR Clonase® Enzyme mix, Invitrogen 11791-019).
Doxycycline-mediated induction of MEFV is observed at the protein level as soon as 3-6 h post-
doxycycline addition. We typically used overnight induction but shorter duration can be used. The
doxycycline concentration routinely used (1 pug/mL) is saturating. To titrate pyrin protein level,
decrease the concentration to (50 ng/mL).

Antibodies against phospho-pyrin have been raised against murine pyrin (Gao et al., 2016d). Yet,
they cross react against human phospho-pyrin. Serine 205 and 241 in murine Pyrin correspond to

serine 208 and 242 in human Pyrin.
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Counting the percentage of ASC-speck containing cells is strongly suggested. Yet, it can be
challenging since ASC speck formation is associated with pyroptosis and cell loss.

For the real time cell death analysis, cells can be resuspended in supplemented RPMI if the assay
is meant to last for < 5 h. If the plate stays longer inside the fluorimeter in the absence of CO;
supply, it is recommended to seed the cells in supplemented CO,-independent medium.

As positive control to monitor inflammasome activation, the NLRP3 inflammasome is primed with
LPS during 3 h followed by addition of the NLRP3 signal 2, nigericin.

The real time cell death analysis can be performed on U937 cells or primary monocytes. Regarding
the U937 cells, there are two possibilities, as shown in Fig. 4 and Fig. 5. Cells can be treated with
doxycycline overnight, seeded and analysed for cell death only upon inflammasome stimulation
the day after (3 h kinetics). This short kinetics aims at measuring the effects of the treatments
when Pyrin is already produced. To investigate the potential constitutive activation of a particular
Pyrin variant, cell death monitoring can be started at the time of doxycycline addition. 16h later,
inflammasome activators (e.g. UCN-01) can be added before returning the plate to the fluorimeter.
Long term UCN-01 treatment can trigger apoptosis (Magnotti et al., 2019d). To conclude on
pyroptosis, only the first 3 h post-UCN-01 addition should be considered and, in the case of U937
cells, the dependency on MEFV expression (i.e. the presence of doxycycline) should be checked.
PMA is a PKC activator. Since Pyrin inflammasome is under the control of the PKC superfamily

PKN1/2, we recommend a 3 h PMA pulse followed by one wash and 36 h of incubation.
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Tables:

Table 1: Cell number required per sample for the different experiments

Experiment Number of U937 cells /| U937 cells/mL | Number of primary cells | Primary
condition / condition cells/mL
IP 2*10° 1*10° - -
IF 2*10° 2*10° 12*10* 1*10°
PI 5%10* 0.5*10° 2*10% 0.2*10°
incorporation
ELISA IL-1B 5*10* 0.5*10° 5*10° 0.05*10°
ELISA IL-18 2*%10° 2*10° 5%103 0.05*10°
Table 2: Inflammasome activators used, working and stock concentrations.
Compound | Working Working Stock concentration; Solvent;
concentration in | concentration in | Reference
U937 assays primary monocytes
assays
LPS 0.5 pug/mLfor IL-1B | 10 ng/mL 5mg/ml; water; Invivogen (tlrl-3pelps)
1 pg/mL for IL-18
and RT cell death
assay (in the case of
the LPS + nigericin
stimulus)
Nigericin 50 pg/mL 5 pg/mL 5 mg/mL; ethanol; Invivogen (tlrl-nig)
TcdA 1 pug/mL 1 pg/mL 380 pg/mL; water; purified from
Clostridioides difficile VP110463 strain,
as previously described (Popoff, 1987)
TcdB - 125 ng/mL 200 pg/mL; water; Abcam (ab124001)
UCN-01 12,5 uM 12,5uM 10.4 mM; DMSO; Sigma (U6508)

201




Figures:

Novel or uncharacterized MEFV mutation

Response to UCN-01

FMF-like Not FMF-like

Constitutively active when Constitutively active when
combined to p.5242R mutation combined to p.M694V mutation
No Yes

Confirmed

i -li Likely benign
FMF-like Not conclusive PAAND-like ely o]

Figure 1 Decision tree to classify a novel or uncharacterized MEFV variant based on the techniques
presented here and the current knowledge in the field. Only the first step is applicable to primary human

monocytes.
U937-3xFLAG-MEFV WT
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Figure 2. Phosphorylation level of Pyrin S242 as determined by immunoblotting (IB) following

immunoprecipitation (IP). Treatment with UCN-01 (12.5 uM, 15 min) triggers Pyrin S242

dephosphorylation. Unt: untreated. MW : molecular weight.
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UCN-01 90° LPS+Nig 90°

HD

FMF

Figure 3. ASC specks formation in response to UCN-01 discriminates FMF patient’s monocytes from healthy
donor (HD) monocytes. ASC immunofluorescence on monocytes from one HD and one FMF patient (FMF)
treated with the indicated stimuli for the indicated time points. The red arrows indicate the ASC specks. Left,
cells were treated with UCN-01 for 90 min. Only FMF monocytes displayed ASC specks. Right, cells were
treated with LPS for 3 h and nigericin for 90 min to activate the NLRP3 inflammasome as a positive control

(see Note 5) for ASC specks formation occurring in monocytes from both HD and FMF patient.
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Figure 4. Characterization of MEFV variant by real time cell death assays (short kinetics). (A, B) Real time cell
death analysis in U937 cells expressing WT MEFV and two prototypical FMF-associated MEFV variants
p.M694V and p.M694l. (D, E) Real time cell death analysis in monocytes from 3 HD and 3 FMF patients
homozygous for the same variants. UCN-01 treatment induces a fast cell death (after 30-40 min) when cells
express a FMF-associated MEFV variant. No difference is detected after LPS + nigericin treatment. (C, F) To
quantify these experiments, the Area Under the Curves (AUC) were computed. After UCN-01 treatment, the
AUC value is higher when cells express a FMF-associated MEFV variant than when cells express the WT MEFV.

On the contrary, the AUC values after to the LPS + nigericin treatment are similar.
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Figure 5. Characterization of MEFV variant by real time cell death assay (long kinetics). Real time cell

death analysis in U937 cells expressing WT; p.M694V ; p.S208C/S242R ; p.5208C/S242R/M694V MEFV

variants. Cell death was monitored for 15 h following doxycycline treatment (DOX). Cells expressing

the MEFV p.M694V variant, do not substantially die in response to doxycycline, indicating that the

corresponding Pyrin variant is not constitutively active. Yet, these cells die after UCN-01 addition (red

line). The p.S208C/S242R MEFV variant includes the two prototypical “PAAND” mutations. When the

p.S208C/S242R mutations are associated to the “FMF’ p.M694V mutation (purple line), the

corresponding Pyrin variant is constitutively active and cell death is observed starting at 3 h post-

doxycycline addition.
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Figure 6. Characterization of MEFV variant by IL-1B ELISA. IL-1B quantification by ELISA in (A, B) U937
expressing WT (black); p.M694V (red) ; p.M694I (blue) MEFV after PMA differentiation and (C, D)
primary monocytes from 3 HD (black), 3 patients homozygous for the p.M694V mutation (red) or the
p.M6941 mutation (blue). Higher levels of IL-1B have been detected in the supernatant of cells
expressing FMF MEFV variants than in the supernatant of cells expressing WT MEFV. (A-B) Each point
represents the value of one well, the bar represents the mean and S.D. of the triplicate. (C-D) Each
point represents the mean value of a triplicate for one individual, the bar represents the mean and

S.D. of the values of three individuals.
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ANNEX |

The following section contains a scientific article published in EMBO Molecular Medicine in November
2019. Here, we reveal that pyrin dephosphorylation is sufficient to activate pyrin inflammasome in

FMF, but not in cells expressing WT pyrin. Thus, we demonstrate that a second control mechanism

downstream of pyrin (de)phosphorylation exists in healthy donors.
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Pyrin dephosphorylation is sufficient to trigger
inflammasome activation in familial
Mediterranean fever patients
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Abstract

Familial Mediterranean fever (FMF) is the most frequent hereditary
systemic autoinflammatory syndrome. FMF is usually caused by
biallelic mutations in the MEFV gene, encoding Pyrin. Conclusive
genetic evidence lacks for about 30% of patients diagnosed with
clinical FMF. Pyrin is an inflammasome sensor maintained inactive
by two kinases (PKN1/2). The consequences of MEFV mutations on
inflammasome activation are still poorly understood. Here, we
demonstrate that PKC superfamily inhibitors trigger inflamma-
some activation in monocytes from FMF patients while they trig-
ger a delayed apoptosis in monocytes from healthy donors. The
expression of the pathogenic p.M694V MEFV allele is necessary and
sufficient for PKC inhibitors (or mutations precluding Pyrin phos-
phorylation) to trigger caspase-1- and gasdermin D-mediated
pyroptosis. In line with colchicine efficacy in patients, colchicine
fully blocks this response in FMF patients’ monocytes. These results
indicate that Pyrin inflammasome activation is solely controlled by
Pyrin (de)phosphorylation in FMF patients while a second control
mechanism restricts its activation in healthy donors/non-FMF
patients. This study paves the way toward a functional characteri-
zation of MEFV variants and a functional test to diagnose FMF.
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Introduction

Familial Mediterranean fever (FMF) is the most frequent hereditary
systemic autoinflammatory disorder characterized by recurrent
episodes of fever, serositis, and abdominal pain (Sonmez et al,
2016). Its feared complication is secondary AA amyloidosis, which
can lead to end-stage kidney disease. Colchicine, an inhibitor of
microtubule polymerization, decreases chronic inflammation and
represents the cornerstone of FMF treatment (Goldfinger, 1972).
Daily and lifelong administration of colchicine is currently recom-
mended for FMF patients.

Familial Mediterranean fever diagnosis relies first on clinical crite-
ria. Due to the absence of pathognomonic clinical signs and to hetero-
geneity in clinical presentations (Mor et al, 2003; Padeh et al, 2010),
FMF diagnosis can be challenging (Giancane et al, 2015). Familial
Mediterranean fever is associated with mutations in the MEFV gene.
Mendelian transmission of the disease occurs mostly in an autosomal
recessive mode. As of today, genetic screening confirms the FMF
diagnosis upon identification of biallelic mutations in clearly patho-
genic MEFV variants (Shinar et al, 2012). Nine sequence variants of
MEFV are considered clearly pathogenic (Shinar et al, 2012). Yet,
there are 365 MEFV variants listed in the Infevers database (Sarrauste
de Menthiere et al, 2003), most of them of uncertain significance,
which can result in misdiagnosis or diagnosis delay (Lidar et al,
2005). Furthermore, a substantial proportion of clinically diagnosed
FMF patients (up to 30%) presents only a single MEFV pathogenic
variant (Dode et al, 2000; Lachmann et al, 2006; Jeru et al, 2013).
Finally, no MEFV variant is found in 5-14% of clinically diagnosed
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FMF patients (Lachmann et al, 2006; Toplak et al, 2012). Due to all
these situations, genetic testing has a 70-80% positive predictive
value (Soriano & Manna, 2012) and the median delay between
disease onset and diagnosis remains long (1.4 years for patients born
in the 21°' century; Toplak et al, 2012). Furthermore, the generaliza-
tion of next-generation sequencing leads to the identification of novel
rare variants of unknown impact. Functional assays robustly discrim-
inating pathogenic MEFV variants from non-pathogenic MEFV poly-
morphisms are needed to sustain diagnosis and the development of
personalized medicine (Van Gorp et al, 2016).

MEFV encodes Pyrin, an inflammasome sensor detecting Rho A
GTPase inhibition (Xu et al, 2014). Inactivation of Rho A by various
bacterial toxins triggers activation of the Pyrin inflammasome, i.e.,
oligomerization of the inflammasome adaptor ASC, caspase-1 acti-
vation, secretion of the pro-inflammatory cytokines IL-1f and IL-18,
and an inflammatory cell death termed pyroptosis (Cookson &
Brennan, 2001; Martinon et al, 2002; Xu et al, 2014). At steady
state, Pyrin is maintained inactive by phosphorylation of its serine
residues S208 and S242. Two kinases (PKN1/2) from the PKC super-
family phosphorylate Pyrin, leading to its sequestration by 14-3-3
chaperone proteins (Gao et al, 2016; Masters et al, 2016; Park et al,
2016; Van Gorp et al, 2016). Rho A inhibition leads to dephosphory-
lation of Pyrin, its release from the 14-3-3 proteins and the assem-
bly/activation of the Pyrin inflammasome. Of note, in healthy
individuals, the transition from 14-3-3-free Pyrin to ASC oligomer-
ization and Pyrin inflammasome activation requires microtubule
dynamics (Gao et al, 2016). Colchicine specifically blocks the Pyrin
inflammasome downstream of Pyrin release from the 14-3-3
proteins and upstream of ASC oligomerization (Gao et al, 2016). In
FMF patients, the microtubule-dependent mechanism might be defi-
cient since a recent report indicated that colchicine is inefficient to
block Pyrin inflammasome activation in PBMCs from FMF patients
(Van Gorp et al, 2016). This in vitro result, at odds with the clinical
efficacy of colchicine in FMF patients, is still poorly understood. A
two-step activation model is emerging with (i) dephosphorylation of
Pyrin following inhibition of PKN1/2 and (ii) Pyrin inflammasome
maturation involving a colchicine-targetable microtubule dynamics
event (Gao et al, 2016). The link between the two steps remains
unclear. Particularly, it is unknown whether dephosphorylation of
Pyrin automatically leads to Pyrin inflammasome activation in cells
with intact microtubule dynamics. Finally, the impact of MEFV
mutations on each step is controversial (Gao et al, 2016; Masters
et al, 2016; Park et al, 2016; Van Gorp et al, 2016).

In this work, we demonstrate that PKC superfamily inhibitors trig-
ger inflammasome activation, IL-1f secretion, and pyroptosis in mono-
cytes from FMF patients while they fail to do so in monocytes from
healthy donors (HD) in which they trigger a delayed apoptosis. PKC
superfamily inhibitor-mediated inflammasome activation was blocked
by colchicine in FMF patients’ monocytes in line with the efficacy of
this drug in patients. The mechanism of the differential control of the
Pyrin inflammasome was pinpointed to specific MEFV mutations in
human monocyte cell lines expressing either one of three common
clearly pathogenic MEFV variants, p.M694V, p.M694l, or p.M680I.
Importantly, the cytotoxic effect of PKC superfamily inhibitors on the
p-M694V allele-expressing cells could be recapitulated genetically by
mutating the Pyrin Serine 242 or S208 residues. These results suggest
that, while Pyrin inflammasome is controlled by two independent
mechanisms in healthy donors, in FMF patients, the Pyrin
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inflammasome lacks one safeguard mechanism and is only regulated
by Pyrin phosphorylation. Finally, our results indicate that these dif-
ferences could be exploited to develop a functional diagnostic test.

Results

PKC inhibitors trigger IL-1p release in monocytes from
FMF patients

The current model for Pyrin inflammasome activation indicates that
activation results from the dephosphorylation of Pyrin following the
lack of sustained activation of PKN1/2, two kinases from the PKC
superfamily (Park et al, 2016). To explore the mechanisms underly-
ing deregulation of the Pyrin inflammasome in FMF patients, we
decided to assess the efficacy of staurosporine (a potent PKC super-
family inhibitor targeting PKN1/2; Davis et al, 2011) to trigger IL-1
release in primary monocytes from HD or FMF patients. We observed
no to very low IL-1p release from monocytes isolated from HD in
response to LPS + staurosporine (Fig 1A). In our experimental condi-
tions, monocytes from 31 out of the 33 HD (94 %) released < 50 pg/
ml of IL-1B (Fig 1A). In sharp contrast, monocytes from FMF patients
released moderate to high levels of IL-1f, leading to an average level
17-fold higher (422 pg/ml, P < 0.0001) than the average level in the
supernatant of HD monocytes (25 pg/ml) (Fig 1A and Appendix Fig
S1A for a detailed version including patients’ genotype). These dif-
ferences were conserved over several staurosporine concentrations
and at several times post-treatment (Appendix Fig S2A and B). This
result indicates strongly differing inflammasome responses to PKC
superfamily inhibition between FMF patients and HD. To confirm this
result, we used UCN-01, a hydroxylated derivative of staurosporine,
which displays a better selectivity for PKC superfamily kinases
(Tamaoki, 1991). Similar findings were observed (Fig 1B and
Appendix Fig S1B) with monocytes from FMF patients releasing > 10-
fold higher IL-1p levels than HD monocytes did. The same trend
(Appendix Fig S2C and D) was observed using the bisindolyl-
maleimide RO 31-8220, another PKC superfamily inhibitor of dif-
ferent chemical structure (Davis et al, 1992). IL-1P levels following
treatment with UCN-01 and staurosporine were significantly corre-
lated in the different patients (Appendix Fig S2E). As seen with stau-
rosporine, the difference in IL-1p response between monocytes from
HD and FMF patients was conserved over a large range of concentra-
tions of UCN-01 (Appendix Fig S2F). The hyper-responsiveness of
FMF monocytes to PKC superfamily inhibitors thus differs from their
hyper-responsiveness to Clostridioides difficile toxin TcdB, which was
observed only at low doses of TcdB (Jamilloux et al, 2018).

IL-1B levels were substantially decreased upon addition, 30 min
before UCN-01, of the caspase-1 inhibitors VX-765 or YVAD-FMK
(Appendix Fig S2G). Neither the caspase-3 inhibitor (DEVD-FMK)
nor the caspase-8 inhibitor (IETD-FMK) demonstrated a robust inhi-
bition of IL-1P release. This result suggests that UCN-01 triggers
inflammasome activation in FMF patient monocytes. As previously
described (Van Gorp et al, 2016), we did not observe any difference
in IL-1P release in response to engagement of the NLRP3 inflamma-
some by LPS + ATP (Appendix Fig S2H) or of the NLRC4 inflamma-
some (Jamilloux et al, 2018). Furthermore, LPS + staurosporine
treatment did not lead to differential TNF secretion between mono-
cytes from HD and FMF patients (Fig 1C), indicating that the

© 2019 The Authors
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Figure 1. PKC inhibitors specifically trigger IL-1p release and a fast cell death in monocytes from FMF patients.
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Monocytes from healthy donors (HD) or FMF patients were either primed with LPS (A-C, G-I) or not (D—F) and treated with (A, C) 1.25 uM staurosporine (Stauro),

(B, D—F) 12.5 pM UCN-01, or (G-I) 5 uM nigericin (Nig). (A, B) IL-1B and (C) TNF level were quantified by ELISA at 90 min post stimulation. (D, G) Cell death was
monitored in real time by measuring propidium iodide influx/fluorescence every 5 min. (E, H) The time required to reach 20% cell death and (F, I) the area under the
curve (AUC) were computed for each HD or FMF patients.

Data information: (A-C, E-F, H, ) Each dot represents the mean value from three biological replicates for one HD or patient. The bar represents the
median + interquartile range. a.u.: arbitrary units. (D, G) Each point of the curve corresponds to the average cell death values from the indicated number of HD or FMF

patients (for each individual, the value is the mean of a biological triplicate). The dotted line indicates the 20% cell death value. (A, B, F) ***P < 0.0001 by Wilcoxon rank-
sum test. (C) One-way ANOVA with Sidak’s multiple comparison tests was performed. LPS: N. S. Not significant P = 0.99; LPS + Staurosporine N.S.: P = 0.77. (E, H)
Unpaired t-tests were performed, and two-tailed P-values are shown. (E) ***P < 0.0001, (H) N.S.: P = 0.79. (I) N.S. P = 0.9 by Wilcoxon rank-sum test.

Source data are available online for this figure.
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differing response to PKC inhibitors between HD and FMF patients
is specific to inflammasome activation. These results suggest that
dephosphorylation of Pyrin is sufficient to trigger inflammasome
activation in monocytes from FMF patients while a PKC-indepen-
dent mechanism limits IL-1f release in HD monocytes.

PKC inhibitors trigger fast cell death in monocytes from
FMF patients

Inflammasome activation is often associated with a fast cell death
process termed pyroptosis. We thus investigated whether PKC inhi-
bitors, in the absence of LPS priming, trigger cell death in mono-
cytes from HD and FMF patients. Indeed, UCN-01 triggered a very
rapid influx of propidium iodide in monocytes from FMF patients
while it was much delayed in monocytes from HD (Fig 1D). These
kinetics were determined to be significantly different by quantify-
ing the time post-UCN-01 addition leading to 20% cell death (dot-
ted line in Fig 1D and E, P < 0.0001) and the area under the curve
(AUC, Fig 1F, P < 0.0001). The difference in cell death was speci-
fic to PKC inhibitors since NLRP3 inflammasome activation by
LPS + nigericin (Mariathasan et al, 2006) triggered propidium
iodide influx with similar kinetics in monocytes from HD and FMF
patients (Fig 1G-I and Appendix Fig S2I). Importantly, the UCN-
0l-mediated fast cell death was observed in the absence of LPS
treatment, indicating that the Pyrin inflammasome does not
require TLR-mediated priming, as previously demonstrated follow-
ing C. difficile toxin treatment (Van Gorp et al, 2016; Jamilloux
et al, 2018).

PKC inhibitors differentially trigger pyroptosis or apoptosis in
monocytes from FMF patients and HD

The kinetics of monocytes death and its association with IL-13
release suggest that PKC inhibitors trigger pyroptosis in monocytes
from FMF patients. To strengthen this finding, we directly evaluated
the ability of the inflammasome adaptor ASC to form specks as a
readout of inflammasome complex formation. At 40 min post-UCN-
01 treatment, monocytes were fixed and immuno-stained for ASC.
More than 35% of monocytes from FMF patients displayed ASC

Flora Magnotti et al

specks while UCN-01 treatment did not substantially increase the
frequency of speck-containing cells in HD monocytes (Fig 2A and B
and control experiment in Appendix Fig S3). This result indicates
that the Pyrin inflammasome activation is controlled by a phospho-
rylation-independent mechanism upstream of ASC oligomerization
in monocytes from HD and that this control mechanism is defective
in FMF patients.

The UCN-01-mediated induction of inflammasome activation in
monocytes from FMF patients was further confirmed by quantifying
cells containing active caspase-1, using the fluorescent inhibitor
probe FAM-YVAD-FMK, referred to as FLICA-Caspl. As quantified
by flow cytometry, 33% of monocytes from FMF patients stained
positive for FLICA-Caspl at 40 min post-UCN-01 addition, while
only 6% of monocytes from HD did, a proportion similar to the one
observed in the untreated samples (Fig 2C).

These results establish that PKC inhibitors specifically trigger
pyroptosis in monocytes from FMF patients. Yet, PKC inhibitors also
lead to a late cell death in HD monocytes (Fig 1D). Based on the
well-known activity of PKC inhibitors to trigger apoptosis (Nie et al,
2014), and on the absence of signs of inflammasome activation
(Figs 1B and 2A-C), we hypothesized that UCN-01 might trigger
apoptosis in HD monocytes. We thus monitored phosphatidyl serine
externalization in propidium iodide-negative cells as an early
marker of apoptosis following UCN-01 (Fig 2D and E) or stau-
rosporine (Appendix Fig S4) treatment. At 90 min post-treatment
with PKC superfamily inhibitors, a large number of HD monocytes
stained positive for Annexin-V and were negative for propidium
iodide, strongly suggesting that HD monocytes died by apoptosis. In
contrast, we did not detect any Annexin-V-positive/propidium
iodide (PI)-negative cells induced by UCN-01 in monocytes from
FMF patients, which is consistent with FMF patients’ monocytes
dying by pyroptosis upon PKC inhibitor exposure. As expected, in
response to LPS + nigericin, we did not detect a substantial propor-
tion of Annexin-V*/PI™ cells, neither in monocytes from HD nor
from FMF patients (Fig 2E).

Altogether, these results indicate that PKC inhibitors trigger
inflammasome activation, IL-1f release, and pyroptosis in mono-
cytes from FMF patients, while inflammasome is not activated in
monocytes from HD.

Figure 2. The PKC inhibitor, UCN-01, triggers pyroptosis or apoptosis in monocytes from FMF patients and HD, respectively.

A, B Monocytes from HD or FMF patients were treated with 12.5 uM UCN-01 for 40 min or primed with LPS (3 h) and treated with 5 uM nigericin (Nig) for 90 min. (A)
Cells were immuno-stained for ASC. ASC specks are indicated by red arrowheads. Representative confocal microscopy images from one HD (top panels) and one
FMF patient (bottom panels) are shown. Scale bars: 10 um and 2.5 um in the main figures and onsets, respectively. (B) Quantification of ASC specks in HD and FMF

patients’ monocytes by immunofluorescence.

C The frequency of cells positive for active caspase-1 was quantified by flow cytometry, using FLICA-Caspase-1 in HD and FMF patients.

D, E Cell death was assessed at 90 min post-UCN-01 or post-LPS + nigericin treatment by determining the percentage of Annexin-V*/PI~ cells and of PI* cells among
dead cells (Annexin-V* and/or PI * cells) using flow cytometry. (D) Representative FACS plots from one healthy donor (HD) and one FMF patient are shown.
Percentage are indicated for the two right gates. (E) Cell death modality was assessed by determining the percentage of treatment-induced Annexin-V*/PI~ cells

and of PI* cells among dead cells, using flow cytometry.

Data information: (B, C, E) Kruskal-Wallis with Dunn’s multiple comparison tests were performed to compare HD and FMF responses. Adjusted P-values are detailed
below. (B) Each dot (HD)/symbol (FMF) represents the percentage of cells containing an ASC speck for one individual. Symbol to FMF patient #: square #2 (M6941/
M6941), round #26 (V726A/N726A), triangle #13 (M694V/R761H), diamond #18 (M6941/M6941). UCN-01 **P = 0.0095; LPS + nigericin N.S. P = 0.75. (C) Each dot (HD)/
symbol(FMF) represents the percentage of cells stained with FLICA-Caspl for one individual, the bar represents the median (£interquartile range). Symbol to FMF
patient #: round #26 (V726A/N726A), triangle #13 (M694V/R761H), triangle pointing down #23 (M694V/M694V), hexagon #24 (M694V/M694V), star #10 (M694V/M694V).
Untreated: N.S. P = 1; UCN-01: **P = 0.0069; LPS + nigericin: N.S. P = 1. (E) Each dot (HD)/triangle (FMF) represents the value for one individual, and the bar represents
the median (+ interquartile range). UCN-01: ***P < 0.0001; LPS + nigericin N.S. P = 0.51.

Source data are available online for this figure.
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Figure 2.

Inflammasome activation in FMF patients upon PKC inhibition is
blocked by colchicine

The link between Pyrin and NLRP3 inflammasomes in FMF patients
is still unclear (Chae et al, 2011; Omenetti et al, 2014). We thus
tested whether NLRP3 could contribute to UCN-01-mediated
inflammasome activation. As expected, MCC950-mediated inhibi-
tion of the NLRP3 inflammasome (Coll et al, 2015) abolished IL-1f
release upon LPS + nigericin treatment (Fig 3A). MCC950 treatment

© 2019 The Authors

did not affect IL-1p release by FMF patients’ monocytes exposed to
TcdB in line with previous results obtained in PBMCs from HD
exposed to TcdA (Van Gorp et al, 2016). In addition, MCC950 treat-
ment did not affect IL-1p release upon UCN-01 treatment, indicating
that this response is independent of NLRP3 (Fig 3A and
Appendix Fig S5).

Colchicine specifically blocks the Pyrin inflammasome in murine
macrophages and in PBMCs from healthy donors (Gao et al, 2016;
Park et al, 2016; Van Gorp etal, 2016). Despite its long
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Figure 3. Colchicine blocks inflammasome activation in monocytes from FMF patients following PKC inhibitor treatment.

Monocytes from healthy donors (HD) or FMF patients were primed for 3 h as indicated with LPS (A, B) or not (C—E). When indicated, (A) the NLRP3 inhibitor MCC950 (10 uM)
or (B—E) colchicine (1 uM) were added 30 min before addition of 12.5 uM UCN-01, 125 ng/ml TcdB, or 5 pM nigericin.

A B IL-1P level was quantified by ELISA at 90 min post-stimulation.

C-E Cell death was monitored in real time by measuring propidium iodide influx/fluorescence every 5 min.

Data information: (A, B, D, E) Each symbol represents the mean value from three biological replicates for one HD or patient. The bar represents the median value

(& interquartile range). (C) Each point of the curve corresponds to the average cell death values from three biological replicates of monocytes from HD or FMF patients
(diamond #32 (p.M694V/p.M694V); triangle #33 (p.M694V/p.M694V); square #1 (p.M6941/p.V726A). The curves are displayed for each patient/HD. The time required to
reach 20% cell death (D) and the area under the curve (AUC) (E) were computed for each HD or FMF patients. Each symbol represents the mean value from one HD or
patient. The bar represents the median (£ interquartile range). (D) ND indicates that the average cell death was below 20% at the end of the kinetics. (A) Wilcoxon
matched-pairs signed rank test was used to compare untreated and MCC950-treated groups since all the groups did not contain an identical number of individuals.
FMF, UCN-01 NS : P = 0.84, HD TcdB NS: P = 0.81, FMF TcdB NS: P = 0.84, HD Nig *P = 0.039, FMF Nig *P = 0.031. Individual genotypes are presented in

Appendix Figure S5A. (B) Friedman paired test with Dunn’s correction for multiple comparisons was applied to compare untreated and colchicine-treated groups.
Adjusted P-values are as follow: FMF UCN-01 *P = 0.036; HD TcdB ***P = 0.0006; and FMF TcdB NS P = 0.28. (D, E) Wilcoxon matched-pairs signed rank test was used
to compare untreated and colchicine-treated groups. Adjusted P-values are as follow: (D) N.T.: not tested. FMF *P = 0.016; (E) HD N.S. P = 0.62, FMF *P = 0.016.
Source data are available online for this figure.

demonstrated clinical efficacy in FMF patients, colchicine was inter-patient variability, this inhibition was consistent and almost
recently shown to be inefficient in blocking IL-1f release in PBMCs total (86%) in HD monocytes, thus confirming that toxin-mediated
from FMF patients exposed to TcdA (Van Gorp et al, 2016). Pyrin inflammasome activation is less sensitive to colchicine inhibi-
Although we did see a partial (40%) inhibition of TcdB-mediated tion in FMF patients than in HD monocytes (Fig 3B and
IL-1B response in monocytes from FMF patients, with a large Appendix Fig S5). In contrast to the lack of (Van Gorp et al, 2016)/
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partial (our result) inhibition observed upon TcdA/B-mediated Pyrin
inflammasome activation, colchicine strongly reduced (86%) IL-1B
release and fully abolished pyroptosis upon PKC inhibition (Fig 3B—
E). Similarly, and in line with previous work using TcdA to stimu-
late the Pyrin inflammasome (Van Gorp et al, 2016), nocodazole
abolished UCN-01-mediated IL-1 release, and cell death (Fig EV1A
and B). No substantial reduction was observed when using Taxol
(Fig EV1A and B). Colchicine decreased UCN-01-mediated IL-1B
release from FMF monocytes (Fig EVIC) and TcdB-mediated IL-18
release from HD monocytes (Fig EVID) with a similar dose
response. This result suggests that C. difficile toxins TcdA/B and
PKC superfamily inhibitors differentially affect Pyrin inflammasome
activation in FMF patients’ monocytes. Based on the efficacy of
colchicine in FMF patients, it is tempting to speculate that PKC inhi-
bitors better mimic the endogenous stimuli triggering Pyrin
inflammasome during inflammatory flares.

Expression of p.M694V MEFYV is necessary and sufficient to
trigger caspase-1- and gasdermin D-dependent responses to
PKC inhibitors

To demonstrate that the difference in PKC inhibitor responses in
monocytes from FMF patients and HD was specifically due to MEFV
mutation, we generated U937 cells expressing either WT MEFV or
p.M694V MEFV. U937 were invalidated for the MEFV gene
(Lagrange et al, 2018) to avoid any possible confounding factor and
complemented with either 3xFLAG-WT (Lagrange et al, 2018) or
3XxFLAG-p.M694V MEFV under the control of a doxycycline-indu-
cible promoter (Fig EV2A). The Pyrin immunoblot pattern obtained
upon doxycycline addition was similar to the pattern previously
described in PBMCs (Chae et al, 2008) with a major cleavage band
around 50 kDa (Fig EV2B). Importantly, doxycycline-mediated
expression of p.M694V MEFV rendered U937 sensitive to UCN-01,
as determined by their fast cell death, while the expression of WT
MEFV did not (Fig 4A). As expected, in the absence of doxycycline,
no cell death was observed during 3 h post-UCN-01 treatment.
These results demonstrate that the expression of p.M694V Pyrin is
necessary and sufficient for the fast cell death response to UCN-01.
In contrast, the expression of WT or p.M694V Pyrin did not substan-
tially affect the cell death response following NLRP3 stimulation
(Fig 4B). Similar results were obtained with the two clearly patho-
genic MEFV variants, p.M6941 and p.M680I (Fig EV3A-H). In
contrast, the expression of the variant of unknown significance,
p.P369S, did not trigger such a response suggesting that it is either a
non-pathogenic variant (in line with its higher frequency in the
human population Fig EV3I), that its pathogenicity is undetectable
in our experimental system, or that its pathogenicity is associated
with another molecular mechanism.

Importantly, the UCN-01-mediated cell death was strongly
delayed when p.M694V Pyrin was expressed in CASP1 or GSDMD
knock-out cells, indicating that UCN-01 triggers pyroptosis in
p.-M694V Pyrin-expressing cells (Fig 4C). Invalidation of GSDMD did
not impact cell death kinetics as much as CASPI invalidation. Such
differences in cell death kinetics have been reported in several stud-
ies comparing cell death kinetics upon invalidation of individual
inflammasome components and likely reflect the existence of
alternative/secondary cell death pathways (Pierini et al, 2012;
Sagulenko et al, 2013; Schneider et al, 2017).

© 2019 The Authors
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Doxycycline-mediated expression of p.M694V Pyrin was neces-
sary and sufficient to trigger a robust production of IL-1p (Fig 4D)
and IL-18 (Fig EV2C) in response to PKC inhibitors. Once again, the
differences between WT and p.M694V Pyrin-expressing cell lines in
terms of IL-1B secretion were largely specific for PKC inhibitors,
although low levels of IL-1P and IL-18 secretion were observed in
p.M694V Pyrin-expressing cells in the absence of PKC inhibitors,
possibly due to the use of PMA (Figs 4D and EV2C). UCN-01/
p-M694V Pyrin-mediated IL-1 was dependent on both CASPI and
GSDMD (Fig 4E), indicating that this response is a bona-fide
inflammasome response.

UCN-01 is a PKC superfamily inhibitor and thereby not a specific
inhibitor of PKN1/2. We were unable to invalidate PKN2 by CRISPR/
Cas9 despite multiple assays and more than 50 other human genes
successfully invalidated in the meantime in the same cellular system
(Benaoudia et al, 2019). PKN2-edited clones were recovered but
contained small deletions/insertions not affecting the open-reading
frames (see one example in Appendix Fig S7), suggesting that PKN2 is
necessary for cell growth/survival of U937 cells. This observation is
in line with the embryonic lethality of Pkn2 knock-out in mice (Danno
et al, 2017). We thus generated PKNI¥© clones expressing either WT
or p.M694V Pyrin (Fig EV4A) and performed siRNA-mediated knock-
down (KD) of PKN2. We were unable to detect PKN2 protein by
Western blot analysis likely due to its low expression in U937 cells
(Fig EV4B). Yet, two (siRNA #12 and 13) out of three siRNA gave us a
strong reduction in PKN2 transcript levels (Fig EV4C). Doxycycline-
mediated induction of p.M694V Pyrin in PKNI¥C PKN2XP cells
increased cell death levels (Fig EVAD-E) compared to (i) cells not
expressing Pyrin, (ii) cells expressing WT Pyrin, and (iii) p.M694V-
expressing cells treated with a non-targeting (NT) siRNA or an ineffi-
cient PKN2-targeting siRNA (siRNA #14, Fig EV4F). Although the cell
death levels were low, these results suggest that PKN1/2 genetic inval-
idation mimics UCN-01 treatment and, in the presence of p.M694V
Pyrin, is sufficient to trigger cell death.

PKC superfamily inhibitors regulate serine 242 phosphorylation
to trigger cell death in p.M694V-expressing cells

To validate that the absence of inflammasome activation in WT
Pyrin-expressing U937 cells was not due to a lack of UCN-01 efficacy
and a lack of Pyrin dephosphorylation, we assessed the (de)phos-
phorylation of Pyrin Ser242 by Western blot analysis. The specificity
of the antibody (Gao et al, 2016) was validated in our experimental
system using a cell line expressing p.S242R Pyrin (Appendix Fig
S8). Importantly, we observed dephosphorylation of Pyrin Ser242
residue upon UCN-01 treatment in WT Pyrin-expressing cells
(Fig 4F) that was similar to the dephosphorylation pattern observed
in p.M694V Pyrin-expressing cells.

Since the dephosphorylation of Pyrin only leads to pyroptosis in
the presence of the p.M964V mutation, we reasoned that the
p.S242R mutation, which blocks phosphorylation of Pyrin on this
key residue, should be cytotoxic in the presence of the p.M694V
mutation. Indeed, induction of the expression of a Pyrin protein
containing both the p.S242R and the p.M694V mutations in U937
cells was cytotoxic per se in the absence of PKC superfamily inhibi-
tors (Fig S5A and C). Similarly, induction of the expression of a Pyrin
protein expressing the p.S208C mutation and the p.M694V muta-
tions was also cytotoxic (Fig SA and C). Cell death upon induction
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Figure 4. Expression of p.M694V Pyrin is necessary and sufficient to confer to PKC inhibitors the ability to activate the inflammasome.

A-C U937 cells of the indicated genotype and expressing the indicated plasmids were treated with (A, C) UCN-01 or LPS + nigericin (Nig). Propidium iodide (PI) influx/

fluorescence was monitored every 5 min for 3 h.

D, E PMA-differentiated U937 cells of the indicated genotype and expressing the indicated plasmids were primed with LPS for 3 h and treated with UCN-01,
staurosporine (Stauro) or nigericin as indicated. IL-1 level in the supernatant was quantified by ELISA at 3 h post-treatment.
F Pyrin S242 phosphorylation was assessed by Western blot in the indicated cell lines with and without UCN-01 treatment for 15 min.

Data information: (A-C) One experiment representative of three independent experiments is shown. Mean and standard deviations from two biological replicates are
shown. (D, E) Mean and standard deviations from three independent experiments are shown.

Source data are available online for this figure.

of these double mutants was reproducibly observed although the
maximal cell death levels were variable between experiments
(mean = 36.7% + 20.1(SE) [min: 11.2, max 67.1; n=7] for
p.S242R/M694V and mean = 24.4% + 6.7 (SE) [min 15.8, max
27.9; n=4] for p.S208C/M694V). Interestingly, the level of cell
death observed in cells expressing a Pyrin protein containing the
two phospho-null mutations and the p.M694V mutations (triple
mutant p.S208C/S242R/M694V) was consistently higher than the
one of the cells expressing a single phospho-null mutation in combi-
nation with the p.M694V mutation (Fig 5B and C). The cell death
kinetics correlated with the kinetics of protein expression follow-
ing doxycycline-mediated induction (Fig EV2ZA and B, and
Appendix Fig S9). In contrast, neither expression of the single or
double phospho-null mutant (p.S208C; pS242R; p.S208C/S242R)
nor of the p.M694V single mutant proteins triggered substantial cell
death. Addition of UCN-01 at 20 h post-doxycycline addition had a
minor additional cytotoxic effect on the p.S208C/M694V and the
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p.S242R/M694V-expressing cell lines (Fig SA and D). No additional
cytotoxic effect could be detected on the p.S208C/S242R/
M694V-expressing cell line since all the cells were dead at 20 h
post-doxycycline addition. Interestingly, colchicine addition could
block the cell death induced by the doxycycline-mediated expres-
sion of pS208C/M694V, pS242R/M694V, and pS208C/S242R/
M694V Pyrin variants (Fig EVS), suggesting that colchicine acts
independently (and downstream; Van Gorp et al, 2016; Gao et al,
2016) of Pyrin dephosphorylation.

Similarly, doxycycline-mediated induction of p.S208C/M694V or
p.S242R/M694V triggered IL-18 release in the absence of PKC inhibi-
tors (Fig 5E). When added onto the p.M694V background, the two
phospho-null mutations had an additive effect in regard to IL-18
concentration in the supernatant (Fig SE). As described above for
the cell death, IL-18 was not substantially released upon doxycy-
cline induction of p.M694V, p.S208C, p.S242R, or p.S208C/S242R
Pyrin proteins (Fig SE). As expected, a further addition of UCN-01

© 2019 The Authors
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Figure 5. Expression of p.M694V Pyrin is necessary and sufficient to confer to the phospho-null p.S242R/p.S208C variants the ability to activate the
inflammasome.

U937 cells bearing the indicated plasmids were treated as indicated at time O with doxycycline (Dox) and at 20 h post-Dox addition with UCN-01

A, B Propidium iodide (Pl) influx/fluorescence was monitored every 15 min for 20 h and every 5 min for an additional 4 h.

C, D Area under the curve (AUC) corresponding to Fig S5A and B was computed from t = O to t = 20 h (C) and from 20 to 24 h (D).

E, F IL-18 was quantified in the supernatant of the indicated U937 cells at 15 h post-doxycycline/PBS addition (E) or in the supernatant of U937 cells exposed to 15 h of
doxycycline/PBS and an additional 3 h of incubation with UCN-01 (F).

Data information: (A-F) One experiment representative of three independent experiments is shown. (A, B) Each dot represents the mean + SD of a biological triplicate.
Values right after UCN-01 addition were corrected to match values right before UCN-01 addition to correct for a reading artifact, and the correction factor was applied
until the end of the experiment. Data presented in (A and B) are from the same experiment and have been split for clarity. The WT and p.M694V controls are duplicated
in (A and B). (C—F) The bar represents the mean + SD of a biological triplicate. One-way ANOVA with Holm-Sidak’s multiple comparisons test was performed to compare
untreated and doxycycline-treated samples: (C) p.S208C/S242R/M694V ***P < 0.0001 (D) p.M694V ***P < 0,0001; p.208C/M694V *P = 0.016; p.S208C/S242R/M694V

***p = 0.0004. (E) p.208C/M694V ***P = 0.0001; p.S242R/M694V ***P < 0.0001; p.S208C/S242R/ME94V ***P < 0.0001. (F) p.M694V ***P < 0.0001; p.208C/M694V

***p < 0.0001; p.S242R/M694V ***P < 0.0001; p.5208C/S242R/M6E94V ***P < 0.0001.

Source data are available online for this figure.

triggered the fast release of IL-18 in p.M694V-expressing cells while
no IL-18 was observed in cells expressing only the phospho-null
Pyrin mutants (Fig SF).

These data provide genetic evidence that dephosphorylation of
Pyrin (or lack of phosphorylation) in the context of the p.M694V
mutation is necessary and sufficient to promote full Pyrin inflamma-
some activation. Our data suggest that dephosphorylation of the
S208 and of the S242 residues have an additive (IL-18) or possibly
synergistic (cell death) effect to trigger Pyrin inflammasome

© 2019 The Authors

activation in the context of p.M694V mutation. Further, these results
strongly suggest that UCN-01 acts on both S242 and S208 to trigger
the fast cell death observed in primary monocytes from FMF patients
and in U937 cells expressing the p.M694V Pyrin variant. Dephospho-
rylation of p.M694V Pyrin is thus sufficient to trigger inflammasome
activation while another safeguard mechanism exists to control acti-
vation of dephosphorylated WT Pyrin. Finally, these results provide
the proof of concept that U937 cells and PKC inhibitors could be used
to functionally characterize MEFV variants for their pathogenicity.

EMBO Molecular Medicine 11: e105472019 9 of 16
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PKC inhibitor responses functionally discriminate FMF patients
from patients with unrelated inflammatory conditions

To exclude that the response of monocytes from FMF patients might
be due to inflammation, we then studied the responses of monocytes
from patients presenting various inflammatory syndromes and infec-
tion-associated inflammation including Behcet’s disease, inflamma-
tory bowel disease, and sepsis (Appendix Table S1). While each
disease was represented by a low number of patients, none of the
non-FMF patients (termed “Disease control-DC” in Fig 6) responded
to the two PKC inhibitors by producing large amount of IL-1f
(Fig 6A and B) or by triggering a fast monocyte death (Fig 6C-E,
Appendix Fig SI0A-C). Even though larger cohorts of patients with
“control diseases” are required to validate statistically this difference
for each inflammatory syndrome, these data strongly suggest that
inflammasome activation in response to PKC inhibitors is not due to
underlying inflammation but is specific to FMF patients.

Due to this discrimination between FMF patients and other
patients suffering from various conditions with an inflammatory
component, we assessed whether the functional response to PKC
inhibitors has the potential to be exploited for FMF diagnosis. We
thus generated receiver operating characteristic (ROC) curves to
determine the sensitivity and specificity of a functional test based on
IL-1 release following staurosporine (Fig 6F) or UCN-01 treatment
(Fig 6G) or based on cell death kinetics parameters (time to reach
20% cell death; Fig 6H or AUC of the cell death kinetics; Fig 6I). The
predictive values (Appendix Table S2) and the areas under the ROC
curves, which are very close to 1 (1 corresponding to 100% speci-
ficity and 100% sensitivity), suggest that these functional assays
accurately discriminate FMF patients from other patients presenting
inflammatory conditions and from HD (Appendix Fig S10D-G). As
an example, and keeping in mind that such a diagnostic use remains
to be thoroughly tested in larger and multicentric cohorts, an IL-1p
concentration threshold at 224 pg/ml in response to UCN-01
discriminates FMF patients with a sensitivity of 89% and a speci-
ficity of 96%. Interestingly, the tests based on the cell death kinetics
have slightly better positive and negative predictive values
(Appendix Table S2) than the tests based on IL-1f, suggesting that
pyroptosis monitoring better discriminates FMF patients from HD
(Appendix Fig S10F-G) and from patients with other inflammatory
conditions (Fig 6H and I) than quantifying IL-1P release does.

In conclusion, our study demonstrates that PKC inhibitor treat-
ment is sufficient to trigger inflammasome activation in monocytes
from FMF patients, which (i) expands our knowledge on the molec-
ular basis sustaining Pyrin inflammasome deregulation in FMF, (ii)
offers a potential functional assay to characterize MEFV variants,
and (iii) provides a fast biological test that may discriminate FMF
patients from patients suffering from other inflammatory conditions.

Discussion

The links between MEFV mutations, the dysfunctional Pyrin
inflammasome, and FMF remain poorly understood. In contrast to
the typical gain-of-function mutations of NLRP3 or NLRC4 observed
in cryopyrin-associated periodic syndromes and NLRC4-associated
syndromes, MEFV mutations do not lead to a spontaneous activa-
tion of the Pyrin inflammasome in the absence of a specific stimulus
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(Van Gorp et al, 2016; Jamilloux et al, 2018). We have previously
shown that MEFV mutations lower the activation threshold of the
Pyrin inflammasome in response to a Pyrin inflammasome stimulus
(Jamilloux et al, 2018). While our previous work demonstrated a
shift in a dose-response experiment between monocytes of FMF
patients and of healthy donors, here we identified an “all or noth-
ing” response that discriminates FMF patients’ monocytes from
healthy donors’ monocytes across a large concentration of PKC
superfamily inhibitors.

MEFV mutations were described to lift the obligatory requirement
for microtubule in Pyrin inflammasome activation (Van Gorp et al,
2016). In the work by van Gorp and colleagues, colchicine was inef-
ficient at inhibiting TcdA-mediated Pyrin inflammasome in FMF
patients PBMCs. Here, we took a reverse approach not based on
inhibition of the Pyrin inflammasome (by colchicine) but on activa-
tion of the Pyrin inflammasome, which we demonstrated to be
specific for FMF patients’ monocytes following PKC superfamily
inhibitor addition. We believe our results are important since they
clearly demonstrate that dephosphorylation of Pyrin is sufficient to
promote full inflammasome activation in FMF patients while it is
not sufficient in healthy donors.

Our results partially concur with the conclusions from van Gorp
and colleagues that FMF mutations affect the ability of colchicine to
inhibit Pyrin inflammasome activation. Yet, our results demonstrate
that the phenotype of FMF monocytes (and likely FMF patients)
cannot be explained by a full loss of microtubule-dependent activa-
tion. The interaction of MEFV mutations with this microtubule-depen-
dent step is likely much more complex. While colchicine fully
inhibited TcdB-mediated IL-1f in healthy donor monocytes, colchicine
inhibited only partially IL-1f release in FMF patients’ monocytes.
Furthermore, colchicine fully inhibited pyroptosis and IL-1f release in
response to PKC inhibition in FMF patients’ monocytes. Similarly,
colchicine inhibited cell death induced by the expression of a Pyrin
protein containing both the p.S242R/S208C and the p.M694V muta-
tions (Fig EVS). This in vitro efficacy of colchicine is in line with the
efficacy of colchicine observed in FMF patients and with the previous
in vitro assays performed on FMF monocytes following LPS stimula-
tion (Park et al, 2016). One important message of our work is thus
that colchicine is efficient at inhibiting the Pyrin inflammasome (at
least in response to some stimuli) in FMF patients.

Our results demonstrate that, while the PKC superfamily inhibitors
are efficient to dephosphorylate both WT Pyrin and p.M694V Pyrin
(Park et al, 2016), ASC oligomerization, pyroptosis, and robust IL-18
release are only triggered when these inhibitors are added on cells
expressing p.M694V MEFV gene. This study thus reinforces the data
indicating that p.M694V mutation does not impact Pyrin phosphoryla-
tion status in a major way (Gao et al, 2016; Masters et al, 2016; Van
Gorp et al, 2016), but affects another control mechanism, likely
related to a complex process implicating microtubule dynamics (Gao
et al, 2016; Van Gorp et al, 2016).

PAAND patients presenting the p.S242R mutation, which abolishes
one Pyrin phosphorylation site (Masters et al, 2016) or patients
presenting the p.E244K mutation, which abolishes 14-3-3 binding site
(Moghaddas et al, 2017), have a constitutive activation of the Pyrin
inflammasome. Yet, the level of IL-1p released by PAAND patients’
monocytes upon LPS stimulation is moderate (Masters et al, 2016)
and at least 10 times lower than the level of IL-1f released upon stim-
ulation with LPS + TcdB. This observation suggests that in PAAND

© 2019 The Authors
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Figure 6. PKC inhibitor-mediated inflammasome activation discriminates FMF patients from patients suffering from unrelated inflammatory conditions.

Monocytes from FMF patients or from control diseases patients (DC) were either primed with LPS (A, B) or not (C—E) and treated with (A) 1.25 uM staurosporine (Stauro), (B,

C-E) 12.5 uM UCN-01.

A, B IL-1p level was quantified by ELISA at 90 min post-stimulation.

C-E Cell death was monitored in real time by measuring propidium iodide (PI) influx/fluorescence every 5 min. (D) The time required to obtain 20% of cell death and (E)
the area under the kinetics curve (AUC) were computed for each patient.

F-I  Receiver operating characteristic (ROC) curves were computed for IL-1p concentrations following (F) staurosporine or (G) UCN-01 treatment, (H) the time to obtain
20% cell death, and (1) the area under the cell death kinetics curve. For each ROC curve, the AUC, the positive (ppv), and negative (npv) predictive values are
indicated.

Data information: (A, B) Each symbol represents the mean value from three biological replicates for one patient. The bar represents the median + interquartile range. (C)
Each point of the curve corresponds to the average of the mean cell death values from three biological replicates of monocytes from the indicated number of patients.
The dotted line indicates the 20% cell death value. (D—E) Each dot represents the value from one patient. The bar represents the median =+ interquartile range. (A, B):
***p < 0.0001 by Wilcoxon rank-sum test. (D, E) ***P < 0.0001 by unpaired t-test. (A-E) Values from FMF patients are identical as the ones presented in Fig 1. The
figures were not merged for clarity issues.

Source data are available online for this figure.
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patients’ monocytes, an additional control mechanism independent of
phosphorylation/14-3-3-binding still partially limits Pyrin inflamma-
some activation. In agreement with this hypothesis, ectopic expres-
sion of a double mutant p.S242R/p.M694V Pyrin protein in HEK293T
cells was found to promote more GFP-ASC speck formation than a
single p.S242R Pyrin protein (Masters et al, 2016). Similarly,
controlled expression of phosphorylation-mutant Pyrin in the mouse
dendritic cell line DC2.4 was reported to trigger ~ 20% cell death
(Gao et al, 2016). We did not observe substantial cell death in U937
cells expressing p.S242R (or p.S208C/S242R) Pyrin in contrast to the
cytotoxicity associated with the expression of p.S242R/M694V double
mutant (or p.S208C/S242R/M694V triple mutant). All together, our
results combined with previous data from the literature emphasize
that the WT Pyrin inflammasome is controlled by two largely indepen-
dent mechanisms. In contrast, in FMF patients, the Pyrin inflamma-
some activation is solely under the control of PKC superfamily
kinases and lacks a second negative control mechanism likely explain-
ing its hyper-reactivity and the associated recurrent inflammation
observed in FMF patients. Similarly, in PAAND patients where the
phosphorylation regulation is affected, we believe the Pyrin inflamma-
some is not fully activated due to the control by the second colchicine-
targetable mechanism. Yet, clinical evidence demonstrates that miss-
ing one of these two control mechanisms is associated with disease
highlighting the key requirement for a tight inflammasome control. A
key challenge in the field is now to identify the factors that could
mimic PKC superfamily inhibitors and be responsible for inflamma-
tory flares in patients.

In the present study, most FMF patients were under colchicine
treatment (Appendix Table S1). Colchicine treatment is unlikely to
explain the hyper-reactivity of FMF patients to PKC superfamily inhi-
bitors since (i) we could recapitulate the findings in U937 cells; (ii)
in vitro, colchicine reduces inflammasome activation (Gao et al, 2016;
Park et al, 2016; Van Gorp et al, 2016); and (iii) three patients with
Behcet’s disease under colchicine were included in the disease control
group and their monocytes did not display an FMF-like phenotype.
Although our data suggest that a single clearly pathogenic MEFV vari-
ant is sufficient to confer to PKC inhibitors the ability to trigger
inflammasome activation, our cohort of FMF patients is currently too
small to draw robust conclusions regarding the number (biallelic
mutations vs. mono-allelic) of clearly pathogenic variants. Further-
more, due to the large number of MEFV variants present in our cohort,
conclusions on specific MEFV variants will require the recruitment of
a large number of FMF patients coupled to the functional characteriza-
tion of MEFV variants in genetically engineered cell lines.

Here, we show that the response of monocytes from FMF
patients to PKC inhibitors could discriminate FMF patients from
other patients presenting inflammatory conditions. Our results thus
pave the way toward the development of a functional diagnostic test
for FMF. Of note, several limitations of the current study remain to
be overcome to fully evaluate the diagnostic potential of this assay.
First, the sensitivity of the test has to be defined with respect to the
different MEFV genotypes. Second, the assay would have to be vali-
dated in whole blood to be compatible with clinical laboratory.
Third, the test remains to be validated in a large independent, multi-
centric cohort of patients in a prospective manner. Such a test could
be used upstream of genetic tests to narrow-down the diagnosis or
downstream of the genetic test in the case of non-conclusive results,
which represent about 25% of the current genetic diagnosis
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(Grateau et al, 2000; Lachmann et al, 2006; Booty et al, 2009; Gian-
cane et al, 2015). Furthermore, a functional assay might help physi-
cians to take decisions regarding the weaning of the lifelong
colchicine treatment in FMF patients possessing a single MEFV
pathogenic variant (Sonmez et al, 2017). The lack of colchicine inhi-
bition of the Pyrin inflammasome in response to TcdA can also be
used to discriminate FMF patients from HD (Van Gorp et al, 2016).
Interestingly, our functional test does not require the manipulation
of the highly potent C. difficile toxins and might be thus easier to
implement in the hospital/diagnostic laboratory environment. The
in vitro efficacy of colchicine could thus be combined to the respon-
siveness to PKC inhibitors to further increase the potential of func-
tional assays to discriminate HD and FMF patients.

Materials and Methods
Subjects

Thirty-nine patients with FMF (Appendix Table S1) were included
along with patients suffering from other inflammatory conditions
(mevalonate kinase deficiency (n = 3), Behcet’s disease (n =4),
lupus (n = 2), Still’s disease (n =5), non-systemic juvenile idio-
pathic arthritis (n = 1), sepsis (n = 3), inflammatory bowel disease
(n =4), H syndrome (n = 1), A20 deficiency (n = 1)), and 45 HD.
All FMF patients fulfilled the Tel HaShomer criteria for FMF and had
at least one mutation in the MEFV gene. The potential carriage of
MEFV mutations in HD was not assessed. Blood samples from HD
were drawn on the same day as patients. Allele frequency was
extracted from https://gnomad.broadinstitute.org/ (Lek et al, 2016).

Monocyte isolation

Blood was drawn in heparin-coated tubes and kept at room temper-
ature overnight. The next day, peripheral blood mononuclear cells
(PBMCs) were isolated by density-gradient centrifugation using
lymphocyte separation medium (Eurobio; Noble & Cutts, 1968).
Monocytes were isolated from PBMCs by magnetic selection using
CD14 MicroBeads (Miltenyi Biotec) (Lyons et al, 2007) and the
AutoMACS Pro Separator (Miltenyi Biotec) following manufac-
turer’s instructions. Monocytes were enumerated in the presence of
a viability marker (propidium iodide, 10 pg/ml) by flow cytometry
(BD Accuri C6 Flow Cytometer®) (Schuerwegh et al, 2001).

Inflammasome activation

Primary monocytes were seeded into 96-well plates at 5 x 10° cells/
well, in RPMI 1640, GlutaMAX medium (Thermo Fisher Scientific)
supplemented with 10% fetal calf serum (Lonza). When indicated,
primary monocytes were incubated for 3 h in the presence of LPS
(10 ng/ml, InvivoGen). Unless otherwise indicated, primary mono-
cytes were then treated for 90 min with nigericin (5 uM, InvivoGen),
ATP (2.5 mM, Sigma) (Mariathasan et al, 2006), staurosporine
(1.25 pM, Tocris), UCN-01 (12.5 puM, Sigma), or Ro31-8820 (100 pM,
Tocris). When indicated, monocytes were treated with colchicine
(1 uM or at the indicated concentration, Sigma), MCC950 (10 pM,
Adipogen AG-CR1-3615), paclitaxel (Taxol, 5 pM, Sigma), nocodazole
(5 uM, Sigma), z-YVAD-FMK, z-IETD-FMK, z-DEVD-FMK (at the
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indicated concentrations, Bachem, #4027532, #4034771, #4027402,
respectively), VX-765 (InvivoGen), 30 min before addition of UCN-01,
TcdB (Abcam, #ab124001, 125 ng/ml), and TcdA (1 pg/ml) or niger-
icin. TcdA was purified from Clostridioides difficile VPI10463 strain, as
previously described (von Eichel-Streiber et al, 1987; Popoff, 1987).
Following the incubation, cells were centrifuged and supernatants
were collected.

Immunofluorescence

Monocytes (1.2 x 10° per sample) stimulated as indicated above were
fixed with paraformaldehyde 2% for 20 min at 37°C, washed three
times in PBS, and spread onto poly-lysine adhesion slides (Thermo
Fisher Scientific™) using the Cytospin 3 (Shandon) 5 min at 450 rpm.
Following permeabilization with Triton X-100 (0.1% in PBS) and
overnight incubation in blocking buffer (PBS, 3% BSA), cells were
stained using anti-ASC (Santa Cruz, sc22514R, 4 pg/ml, 1 h of room
temperature), Alexa 488-goat anti-rabbit antibodies (Invitrogen, A-
110088, 10 pg/ml, 20 min of room temperature), and DAPI (100 ng/
ml) all diluted in a 50 ul drop of blocking buffer. Coverslips were
mounted onto the slides using mowiol. ASC specks and DAPI stained
nuclei were visualized on the Zeiss LSM800 confocal microscope.
Quantification was performed on 10 fields per sample.

FLICA-Caspl and Annexin-V staining

Monocytes were stimulated as described above and stained with the
FAM FLICA-Caspase-1 Kit (Bio-Rad ICT098), at the indicated time
points, following manufacturer’s instructions. Cells were extempora-
neously analyzed on a Canto II cytometer. Annexin-V staining was
performed using the Annexin-V Apoptosis Detection Kit (Invitrogen,
88-8005-74). Cells were then stained with propidium iodide (5 pg/
ml) before acquisition on a Cantoll cytometer. To obtain the
response induced by the treatment, values from untreated samples
were subtracted from values obtained following treatment. The sum
of Annexin-V* and PI"* cells defined the total dead cells. The ratio
was calculated as the % of Annexin-V*/PI™ over total dead cells.

Cell lines and genetic manipulation

The human myeloid cell line U937 (CelluloNet, Lyon, France) was
grown in RPMI 1640 medium with glutaMAX-I supplemented with
10% (vol/vol) FCS, 2 mM tr-glutamine, 100 IU/ml penicillin, and
100 ug/ml streptomycin (Thermo Fisher Scientific). MEFVXO,
CaspI®©, and GSDMD® cell lines generated by CRISPR/Cas9-
mediated gene invalidations have been previously described
(Lagrange et al, 2018). The sgRNA targeting PKNI and PKNZ2
(Appendix Table S3) were selected from the Brunello library
(Addgene) and cloned into the PGKpuro2 ABFP vector (from Kosuke
Yusa; Addgene plasmid # 50946). sgRNA plasmids were transduced in
a previously described Cas9-expressing U937 clone (Lagrange et al,
2018) by spinoculation. The resulting cell lines were selected with
2 pg/ml Puromycin (Sigma-Aldrich) at 72 h post-transduction for
2 weeks. Except for PKNI and PKN2 invalidation (due to low to zero
efficiency of the KO process), the knock-out cells were kept polyclonal
and were screened by Western blotting analysis or sequencing of a
PCR fragment corresponding to the genomic region flanking the
targeted sequence. The obtained sequence files were analyzed using
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the sequence trace decomposition software TIDE (Brinkman et al,
2014; Appendix Fig S7).

WT, p.M694V, p.S242R, and p.S242R/M694V MEFV were cloned
into the GFP-expressing plasmid pINDUCER21 (Meerbrey et al, 2011)
under the control of a doxycycline-inducible promoter through the
pENTR1A (Invitrogen) vector using a synthetic DNA fragment
(GeneArt) encoding the p.M694V Pyrin protein. The point mutants
were generated using the QuikChange II Site-Directed Mutagenesis Kit
(Agilent) and primers indicated in Appendix Table S3. Lentiviral parti-
cles were produced in 293T cells using pMD2.G and psPAX2 (from
Didier Trono, Addgene plasmids #12259 and #12260), and pINDUCER-
21 plasmids expressing WT, p.M694V, p.S242R, p.S242R/M694V
Pyrin, or no insert (pEmpty). The various U937 cell lines were trans-
duced by spinoculation and sorted at day 7 post-transduction based on
GFP expression on an Aria cell sorter. Pyrin expression was induced by
treatment with doxycycline (1 pg/ml) for 16 h before stimulation. For
real-time cell death assay, U937 cells were seeded at 4 x 10* per wells
before stimulation with relevant inflammasome stimuli. For IL-18
ELISA, 2 x 10° U937 cells per wells were seeded. To assess IL-1p
release, 8 x 10% U937 cells per wells were exposed to 100 ng/ml of
phorbol 12-myristate 13-acetate (PMA; InvivoGen) for 48 h and
primed with LPS at 1 pg/ml for 3 h. When applicable, nigericin was
used at 50 pg/ml. Supernatant was collected at 3 h post-treatment.
293T and U937 parental cell lines were tested negative for mycoplasma
contamination (Cellulonet, Lyon, France) in January 2018.

SiRNA targeting PKN2 (ON TARGET plus, Dharmacon, #
J0004612-12-0002; J0004612-13-0002; J0004612-14-0002) is indi-
cated in Appendix Table S3. SiRNA was electroporated into U937
cell lines using the Neon electroporator (Thermo Fisher Scientific)
using the following parameters: 1,300 V, 1 pulse of 30 ms. 10° cells
per condition were washed once at room temperature with PBS and
suspended in 110 pl of buffer R containing 10 pmoles of siRNA.
Following electroporation, cells were transferred into a well of a
pre-warmed p12 plate containing complete medium without antibi-
otics. When applicable, doxycycline was added at 24 h post-siRNA
electroporation.

Immunoprecipitation and immunoblot analysis

Cells were lysed in 25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, and
0.1% NP-40 buffer containing Mini Protease Inhibitor Mixture (Roche)
and sodium fluoride (Sigma) by a quick freezing and thawing step.
Flag-Pyrin was immuno-precipitated using anti-Flag M2 affinity gel
(Sigma). Proteins were separated by SDS-PAGE on precast 4-15%
acrylamide gels (Bio-Rad) and transferred to TransBlot® Turbo™
Midi-size PVDF membranes (Bio-Rad). Antibodies used were mouse
monoclonal anti-FLAG® (Sigma-Aldrich, clone M2; 1:1,000 dilution),
anti-Pyrin (Adipogen, AL196, 1: 1,000 dilution), anti-phospho S242
Pyrin (Abcam, ab200420; 1:1,000 dilution; Gao et al, 2016), and anti-
PKN1 (Becton Dickinson, BD 610687; 1:1,000 dilution). Cell lysates
were reprobed with a mouse monoclonal antibody anti-B-actin (clone
C4, Millipore; 1:5,000 dilution). Full Western blot images are
presented in Source Data.

Cytokine detection and cell death assay

Levels of IL-1p in monocyte supernatant were quantified by ELISA
(R&D Systems). IL-18 levels were quantified using the following
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antibodies for capture and detection: anti-human IL-18 antibody
(4 ng/ml; # D044-3, MBL, Woburn, MA, USA) and anti-human IL-18
antibody coupled to biotin (20 ng/ml, # D045-6, MBL). Cell death was
monitored by incubating 2 x 10* monocytes per well of a black 96-well
plate (Costar, Corning) with propidium iodide (PI, Sigma) at 5 pg/ml.
Three technical replicates per conditions were done. UCN-01 was
added at 12.5 puM in the absence of any priming signal. Nigericin was
added at 5 uM after a 3-h priming with LPS at 10 ng/ml. Real-time PI
incorporation was measured every 5 min from 15 min to 105 min (for
primary monocytes) or from 0 to 180 min (for U937 cells) post-niger-
icin/UCN-01 intoxication on a fluorimeter (Tecan) using the following
wavelengths: excitation 535 nm (bandwidth 15 nm) and emission
635 nm (bandwidth 15 nm) (Case & Roy, 2011; Pierini et al, 2012).
Cell death was normalized using PI incorporation in monocytes treated
with Triton X-100 for 15 min (=100% cell death). Of note, PI value can
artificially decline after several hours. As a further correction, the first
time point of the kinetics was set to 0. When the reading was stopped
(for < 5 min) to add UCN-01 at 20 h post-doxycycline addition, the
values after UCN-01 addition were corrected so that the values right
after UCN-01 addition matched the values obtained right before. The
areas under the curve were computed using the trapezoid rule (Prism
6; GraphPad). Kinetics until 60 and 105 min post-UCN-01 and post-
nigericin treatments, respectively, were retained. To extract the time
corresponding to 20% cell death, a non-linear regression analysis
(Prism 6; GraphPad) was used to fit a sixth-order polynomial curve to
the normalized cell death kinetics using the least squares fit as the fit-
ting method. The obtained curve was used to interpolate the time
corresponding to 20% cell death.

Statistics

For HD/patient data, normal distribution was verified using
D’Agostino—Pearson omnibus normality test. When Gaussian distri-
bution could not be demonstrated for the compared variables,
non-parametric tests were used. Results were expressed as
median =+ interquartile range. When two groups (e.g., HD and FMF),
including at least one that did not pass the normality test, were
compared, Wilcoxon rank-sum test was performed, and two-tailed p-
values are shown. When two groups (e.g., HD and FMF) that passed
the normality test were compared, unpaired t-test was performed,
and two-tailed P-values are shown. When multiple comparisons
between groups (e.g., HD and FMF) that all passed the normality test
were made, one-way ANOVA with Sidak’s multiple comparison tests
was performed. When multiple comparisons between groups (e.g.,
HD and FMF), some of them that did not pass the normality test,
were made, Kruskal-Wallis with Dunn’s multiple comparison tests
were performed. Multiplicity-adjusted P-values are shown. When
multiple comparisons between paired groups of identical numbers
(e.g., FMF and FMF + inhib.), some of them that did not pass the
normality test, were made, Friedman with Dunn’s multiple compar-
ison tests were performed. Multiplicity-adjusted P-values are shown.
When a comparison between two paired groups (e.g., FMF and
FMF + inhib.), at least one of each did not pass the normality test,
was made, Wilcoxon matched-pairs signed rank test was used. Two-
tailed P-value is shown. Correlation significance was determined by
Spearman test. The predictive power of the mechanisms of interest
was assessed using receiver operating curve (ROC) analyses. The
area under the ROC (AUC) and its 95% CI were estimated for each
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The paper explained

Problem

Familial Mediterranean fever (FMF) is the most frequent hereditary
systemic autoinflammatory disease. FMF is, in most cases, associated
with biallelic mutations of the MEFV gene encoding Pyrin, an
inflammasome sensor. The link between MEFV mutations and the
dysregulated Pyrin inflammasome activation observed in FMF patients
is unclear. Furthermore, most of the 365 described MEFV variants are
of uncertain significance and the genetic validation of the clinical
FMF diagnosis remains challenging.

Results

Thanks to the use of protein kinase inhibitors and phospho-null
mutants; this study demonstrates that Pyrin dephosphorylation triggers
full inflammasome activation in FMF patients’ monocytes but not in
healthy donors’ monocytes. Furthermore, the pathogenic p.M694V MEFV
mutation, most frequently observed in FMF patient, triggers constitu-
tive inflammasome activation only when combined to phospho-null
MEFV mutations. These results indicate that Pyrin inflammasome acti-
vation is controlled by two independent mechanisms in healthy donors
but only by phosphorylation/dephosphorylation in FMF patients. This
difference can be exploited using protein kinase inhibitors and primary
monocytes from patients to functionally diagnose FMF.

Clinical impact

This study increases our knowledge of the molecular mechanisms
underlying inflammation in FMF patients. Furthermore, it should
improve FMF diagnosis by providing a quick and easy test in primary
monocytes to discriminate FMF patients from patients with unrelated
inflammatory conditions. Finally, this study provides means to deter-
mine the pathogenicity of MEFV variants, which should reduce in the
future the number of variants of uncertain significance and improve
genetic testing.

mechanism. Threshold values for the prediction of patients with FMF
were determined by maximizing the Youden index. All tests were
two-sided at the 0.05 significance level. Correlation coefficient was
computed using non-parametric Spearman correlation. Statistical
analyses were carried out with Prism 6 and R version 3.1.1 (http://
www.R-project.org).

Study approval

The study was approved by the French Comité de Protection des
Personnes (CPP,#L16-189) and by the French Comité Consultatif sur
le Traitement de I'Information en matiére de Recherche dans le
domaine de la Santé (CCTIRS, #16.864). The experiments conformed
to the principles set out in the WMA Declaration of Helsinki and the
Department of Health and Human Services’ Belmont Report. HD blood
was provided by the Etablissement Frangais du Sang in the framework
of the convention #14-1820. Informed consent was received from
participants prior to inclusion in the study.

Data availability

All data are available within the manuscript, its appendix, and
Source Data files.

Expanded View for this article is available online.
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Résumé

Introduction

L'immunité innée représente la premiere ligne de défense du corps humain contre des pathogenes.
Elle se repose sur des récepteurs codés par la lignée germinale qui détectent les motifs moléculaires
associés aux pathogenes (PRR). Les inflammasomes sont des complexes protéiques dont les
récepteurs ou senseurs font partie des PRRs. Un inflammasome est typiquement constitué d’un
senseur, un adaptateur et un effecteur. Les senseurs de I'inflammasome sont des PRRs qui détectent
les signaux de danger. La détection d’un tel signal enclenche I'oligomérisation du senseur avec
I'adaptateur ASC et l'effecteur caspase-1. L’activation de l'inflammasome induit le clivage et
I’activation de caspase-1, ainsi que la sécrétion de cytokines pro-inflammatoires telles qu’IL-1B et IL-
18. Parmi les inflammasomes, I'inflammasome pyrine se distingue puisqu’il détecte les modifications

de I'homéostasie cellulaire (HAMP) sans interaction directe avec un PAMP ou un DAMP.

La protéine pyrine est une protéine de la famille TRIM de 781 acides aminés, codée par le gene
MEFV. Comme la plupart des senseurs de l'inflammasome, elle contient un domaine PYD a son
extrémité N-terminale qui permet l'interaction et I'oligomérisation avec I'adaptateur ASC. Le PYD de
pyrine est suivi d’'un domaine contenant deux sites de phosphorylation (S208 et S242) qui sont
cruciaux pour la régulation de pyrine. Les résidus de 370 a 412 de pyrine constituent le domaine B-
Box qui participe a I'oligomérisation de pyrine. Le domaine B-Box est suivi par une série d’hélices

alpha (CHS) qui constitue un support pour le domaine a I'extrémité C-terminale — le B30.2.

Le B30.2 de pyrine comporte une cavité dont la surface est recouverte de résidus hydrophobes. Cette
poche est un site potentiel d’interaction avec un ligand inconnu. La nature de ce ligand fait objet de
nombreuses études et plusieurs candidats ont été identifiés. Néanmoins, il reste a confirmer quel est
le ligand du B30.2 de pyrine — protéine ou petite molécule non-protéique — et quel est son réle dans

la régulation de I'inflammasome pyrine.

Pyrine est un senseur de l'inhibition de RhoA — une GTPase qui est ciblée par des effecteurs et
toxines bactériennes tels que TcdA et TcdB de C. difficile ou YopE et YopT de Y. pestis. L'inhibition de
pyrine a I’état basal est maintenue par la phosphorylation réalisée par les kinases PKN1/2 qui sont
des effecteurs de RhoA. Plus récemment, une phosphatase responsable de la déphosphorylation de
pyrine - PP2A - a été identifiée. Quand RhoA est inhibée, PKN1/2 sont également inhibées et la pyrine
est déphosphorylée. Ceci constitue la premiere étape de son activation. Il existe un deuxiéme point
de régulation de l'activation de l'inflammasome pyrine probablement lié a la dynamique des

microtubules mais qui est mal connu.
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Les mutations du géne MEFV sont a I'origine de la maladie auto-inflammatoire monogénique la plus
répandue dans le monde — la fievre Méditerranéenne familiale (FMF). La FMF touche en particulier
les populations du bassin Méditerranéen. La prévalence de FMF est la plus élevée en Turquie
(comprise entre 1 : 400 et 1 : 1000 selon différentes estimations), suivie par I’Arménie (1 : 500). La
FMF est caractérisée par des attaques de fievre stériles récurrentes accompagnées de douleurs
abdominales, musculaires ou encore articulaires. Les poussées de FMF peuvent durer entre 12
heures et 3 jours. D’'un point de vue moléculaire, les mutations de MEFV associées a la FMF
diminuent de maniere significative le seuil d’activation de I'inflammasome pyrine. In vitro la simple
déphosphorylation des variants de pyrine associés a la FMF suffit pour déclencher I'activation de
I'inflammasome. Le diagnostic de FMF est fait sur la base de critéres cliniques et dans certains cas
nécessite une confirmation génétique. La FMF est traitée par la colchicine dont la prise débute dés le

diagnostic et est poursuivie a vie.

D’autres maladies auto-inflammatoires sont également associées aux mutations dans le gene MEFV
ou a l'activation anormale de I'inflammasome pyrine. Notamment, I'auto-inflammation associée a la
pyrine et dermatose neutrophilique (PAAND) est provoquée par des mutations du géne MEFV qui
impactent les sites de phosphorylation de pyrine. D’autres, comme le déficit en mévalonate kinase
(MKD), ou encore le syndrome PAPA sont liées a des mutations dans d’autres génes mais qui

ameénent indirectement a une activation anormale de I'inflammasome pyrine.

Le déclenchement de poussées de FMF est lié aux plusieurs facteurs : la fatigue physique et mentale,
le stress, I'exposition au froid. Chez 30-50% des femmes atteintes de FMF, les attaques de fiévre sont
associées au cycle menstruel et a la menstruation. Dans la population saine la phase lutéale du cycle
menstruel est accompagnée d’une augmentation de la température corporelle. De plus,
I"accouchement spontané est reconnu comme un état de I'inflammation stérile. En méme temps, les
hormones sexuelles stéroides telle que la progestérone ou la testostérone ont des propriétés anti-
inflammatoires : les macrophages activés traités a la testostérone secretent moins d’IL-1p.
Cependant, le réle des molécules stéroides dans la régulation de I'inflammasome pyrine n’est pas

connu.
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Résultats
L’activation non-canonique de I'inflammasome pyrine par les catabolites des hormones stéroides.

Afin d’étudier la deuxieme étape dans |'activation de pyrine nous avons utilisé une lignée cellulaire
de monocytes humains (U937) qui expriment un variant de pyrine dont la premiere étape est
constitutivement activée grace a la mutation d’un des deux sites de phosphorylation — p.5S242R. Nous
avons effectué un crible chimique dans le cadre duquel les monocytes exprimant p.S242R ont été
traités avec une banque de molécules chimiques, puis la mort cellulaire a été mesurée 90 minutes
apres le traitement. Le crible a permis d’identifier I'étiocholanolone (3a-hydroxy-5B-androstan-17-
one) et la prégnanolone (3a-hydroxy-5B-pregnan-20-one), des catabolites de testostérone et de
progestérone, en tant qu’activateur de I'inflammasome pyrine. Ni la testostérone, ni la progestérone
n’ont induit de mort cellulaire pyrine-dépendante dans les monocytes U937. L’activation de pyrine
par |'étiocholanolone et la prégnanolone a été confirmé dans des monocytes primaires
préalablement traités avec UCN-01, un inhibiteur de PKN1/2, afin de déphosphoryler pyrine et de
répliquer les conditions du crible. Le traitement avec uniquement ['étiocholanolone ou la

prégnanolone n’ont pas induit de mort cellulaire dans les monocytes primaires.

Les concentrations peu élevées de étiocholanolone (12 uM) et prégnanolone (6 uM) ne suffisent pas
pour activer I'inflammasome pyrine sans une déphosphorylation préalable. En revanche, nous avons
constaté qu'a forte concentration I'étiocholanolone (100 uM) et la prégnanolone (50 uM) seuls
activent l'inflammasome pyrine. Cette activation s'accompagne de I'oligomérisation d'ASC pour
former une structure dite "speck", du clivage et de I'activation de la caspase-1 ainsi que du clivage et
de la sécrétion d’IL-1B et IL-18. La mort cellulaire induite par I'étiocholanolone et la prégnanolone a
été complétement abolie dans les monocytes déficients pour la caspase-1 ou la gasdermine D

(GSDMD).

Puisque l'activation de pyrine est dépendante des microtubules, elle est inhibée par la colchicine
grace a son effet inhibiteur sur la dynamique des microtubules. La mort cellulaire pyrine-dépendante
induite par les molécules stéroides a été également inhibée par la colchicine ce qui suggere que la
dynamique des microtubules est indispensable a I'activation de I'inflammasome par ces molécules.
En revanche, tandis que I'activation canonique de pyrine est déclenchée par l'inhibition de RhoA,
nous avons observé que le traitement avec I'étiocholanolone ou la prégnanolone n’inhibe pas
I'activité de RhoA. Par conséquent, |'activation de pyrine par les catabolites d’hormones stéroides
passe par une voie non-canonique. De plus, nous nous sommes intéressés aux domaines de la

protéine pyrine nécessaire a son activation par les molécules dérivées des hormones stéroides. Nos
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résultats nous ont permis de conclure que le domaine B30.2 est indispensable a I'activation de pyrine

par I'étiocholanolone et la prégnanolone.

Nous avons démontré que l'activation non-canonique de l'inflammasome pyrine par les dérivées
d’hormones stéroides est spécifique de pyrine humaine puisque les cellules exprimant la pyrine

murine ou simienne n’ont pas répondu au traitement avec les dérivés de stéroides.

Les monocytes primaires humains isolés a partir du sang de patients atteints de la FMF ont démontré
une activation légérement plus élevée que les monocytes isolés du sang de donneurs sains en
réponse aux dérivés d’hormones stéroides. En revanche, les monocytes isolés du sang des patients
PAAND ont été fortement activés par les dérivés d’hormones stéroides ce qui récapitule le
phénotype observé dans les monocytes U937 avec un site de phosphorylation muté. Cette derniére
observation suggere que les dérivés d'hormones stéroides pourraient contribuer au phénotype

autoinflammatoire des patients PAAND.

Les mutations dans les domaines B30.2 et CHS alterent de maniére différentielle I’activation de

I'inflammasome pyrine

Nous nous sommes intéressés au role des différents domaines dans la régulation de I'inflammasome
pyrine. Afin de pouvoir I'étudier nous avons créé des lignées cellulaires de monocytes U937 qui
expriment pyrine délétée pour chacun des domaines. Nous avons examiné la réponse de ces
monocytes face a un stimulus physiologique qui active I'inflammasome pyrine — la toxine bactérienne
TcdA. Nous avons constaté que le domaine B30.2 n’est pas nécessaire a I'activation de pyrine par

TcdA.

Etant donné que la majorité des mutations associées a la FMF se trouvent au sein du domaine B30.2,
et que la mort cellulaire des monocytes isolés a partir du sang de patient atteint de FMF est
déclenchée par la simple déphosphorylation de pyrine, nous avons étudié I'impact de la délétion du
B30.2 sur l'activation de pyrine suite a la déphosphorylation. L’activation de I'inflammasome pyrine
dans les monocytes qui expriment la pyrine AB30.2 est induite par linhibition de la kinase
responsable de sa phosphorylation. Ce résultat démontre que le domaine B30.2 est responsable de la
deuxieme étape d’activation de l'inflammasome pyrine. De plus, nous avons démontré que la
délétion du B30.2 n'impacte pas la phosphorylation de pyrine a I'état basal. L’activation de
I'inflammasome pyrine délétée du domaine B30.2 suivie grace a la formation des specks d'ASC n’est

pas été impactée dans les cellules déficientes pour la caspase-1.

La FMF classique est caractérisée par une transmission récessive mais il existe également des

mutations capables de provoquer la FMF de maniére dominante. Notamment, p.H478Y et p.Q436R
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sont localisées dans le domaine CHS. D’autres mutations pathogéniques mais récessives se trouvent
dans ce domaine telles que p.F479L, p.E552D et p.L559F. Afin de mieux comprendre le réle du
domaine CHS dans la régulation de pyrine, nous avons créés des lignées U937 qui expriment les
variants de pyrine de CHS mentionnés ci-dessus. Nous avons étudié leurs réponses aux stimuli divers
qui ciblent I'inflammasome pyrine en terme de mort cellulaire et de sécrétion des cytokines pro-

inflammatoires, IL-1 et IL-18.

Nous avons constaté des phénotypes variables en réponse a TcdA. Le variant p.H478Y est activé
comme le variant typique de FMF — p.M694V, tandis que les variants p.Q426R, p.F479L et p.E552D
ont des phénotypes intermédiaires entre le WT et le p.M694V, et le variant p.L559F est activé par
TcdA comme la pyrine WT. La déphosphorylation de pyrine par un inhibiteur de kinases PKN1/2 a
déclenché la pyroptose dans les cellules qui expriment les variants p.Q426R, p.H478Y et p.F479L de
maniere comparable au variant de la FMF, p.M694V. Nous avons donc constaté que les mutations du

domaines CHS impactent la deuxieme étape de régulation de pyrine.

Les mutations dans le domaine CHS impactent différentiellement I'activation de l'inflammasome
pyrine par les dérivés d’hormones stéroides. Notamment, la dose de prégnanolone nécessaire a
I'induction de 50 % de mort cellulaire (EC50) dans les monocytes U937 qui expriment les variants
p.Q426R et p.F479L est 50 fois inférieure a la dose nécessaire a I'induction de 50 % de mort cellulaire
dans les cellules qui expriment la pyrine WT. Pour I'étiocholanolone ,la différence entre les EC50 est
moins importante mais les variants p.Q426R et p.F479L sont également plus sensibles. En revanche,
les monocytes exprimant la pyrine p.H478Y sont moins sensibles a I'activation par la prégnanolone et
I'étiocholanolone que les monocytes exprimant pyrine WT. En accord avec ces observations, nous
avons démontré que les variants p.Q426R et p.F479L sont déphosphorylés par des faibles doses de

prégnanolone (6 uM) alors que la pyrine WT et le variant p.H478Y ne le sont pas.

Les mutations sont des mutations tres rares mais nous avons réussi a obtenir des échantillons du
sang de 6 patients portant la mutation p.F479L. Nous avons isolé les monocytes primaires de
I’échantillon, et nous avons analysé la mort cellulaire et la sécrétion d’IL-1B par ces monocytes en
réponse a TcdB, UCN-01 et les dérivés d’hormones stéroides : étiocholanolone et pregnanolone, en
comparaison avec les monocytes primaires isolés du sang de donneurs sains. Nous avons observé
une mort cellulaire et une sécrétion d’IL-13 comparable au donneur en réponse au traitement avec
TcdB. Cependant, en accord avec nos observations dans le modele U937, les monocytes de patients
atteints de FMF avec la mutation p.F479L sont plus sensible a UCN-01, avec un phénotype qui
ressemble a celui des monocytes issus des patients FMF avec des mutations classiques telles que

p.M694V. Contrairement aux monocytes des donneurs sains, les monocytes primaires avec la
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mutation de pyrine p.F479L sont activés par les faibles doses d'étiocholanolone (12 uM) et de
prégnanolone (6 uM). Ces observations confirment les phénotypes que nous avons observé dans
notre modele de monocytes U937 et valident que des mutations spécifiques du CHS observées chez
certains patients FMF rendent l'inflammasome pyrine hautement réactifs aux catabolites des

hormones sexuelles.

Résultats supplémentaires

Des expériences supplémentaires nous ont permis de démontrer que les mutations de pyrine au sein
du domaine CHS qui abaissent de maniére significative le seuil d’activation de pyrine par les dérivés
d’hormones stéroides - p.Q426R et p.F479L — élargissent également le spectre de stéroides capables
d’activer I'inflammasome pyrine. Notamment, les cellules qui expriment les variants p.Q426R et
p.F479L mais pas celles qui expriment p.H478Y, subissent une mort cellulaire rapide en réponse au
traitement avec la testostérone, la progestérone et I'androstérone. De plus, nous avons découvert
que le prétraitement avec la progestérone inhibe |'activation de pyrine WT par la prégnanolone.
Cette inhibition est dose-dépendante : elle a lieu si la concentration de progestérone est supérieure a

celle de prégnanolone.

La simvastatine est un inhibiteur de I'HMG-CoA réductase, une enzyme impliquée dans la voie de
mévalonate kinase. L’inhibition de cette voie inhibe a la fois RhoA et la synthése de cholestérol.
D’autre part la simvastatine est un activateur de I'inflammasome pyrine. Les variants de pyrine avec
des mutations dans le domaine CHS répondent différentiellement au traitement avec la simvastatine.
D'une maniere qui mime la réponse différentielle de ces variants aux dérivés d’hormones stéroides,
le seuil d’activation par la simvastatine est plus bas pour les monocytes qui expriment pyrine
p.Q426R et p.F479L. Les monocytes exprimant le variant p.H478Y ne subissent pas d’activation de

I'inflammasome pyrine.
Discussion

L'activation de pyrine par les dérivés d’hormones stéroides est dépendante du domaine B30.2 et a la
fois modulée par les mutations au sein du domaine CHS. Les domaines B30.2 et CHS coopeérent pour
la transduction de signal percu par le domaine B30.2, et transmis le long de la protéine grace a des
changements de conformation au niveau du domaine CHS. Le signal est ainsi conduit jusqu’aux sites
de phosphorylation de pyrine, la protéine est ainsi déphosphorylée et activée. Un mécanisme de
coopération semblable entre un domaine B30.2 et un domaine CHS est décrit dans le cas de la
protéine BTN3A1 exprimée par les cellules présentatrices de I'antigene dans le cadre de I'activation

des lymphocytes gamma delta.
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La diversité de phénotypes associés aux variants de pyrine avec des mutations dans le domaine CHS
met en évidence I'importance et la complexité du role de ce domaine dans la régulation de pyrine.
Les travaux présentés dans ce manuscrit éclairent un nouveau mécanisme d’activation de
I'inflammasome pyrine. Nos observations accordent un nouveau role a la pyrine: celui de la
surveillance du métabolisme de cholestérol et de I'équilibre des hormones stéroides et de leurs

dérivés dans la cellule.

Nous proposons un modele de fonctionnement de pyrine selon lequel le domaine B30.2 sert de site
de fixation pour une molécule d’origine stéroide. Nous ne savons pas si cette interaction a un effet
inhibiteur ou activateur sur l‘inflammasome a I’état basal, il est en effet possible qu’il existe a la fois
des ligands inhibiteurs (comme progestérone) et des ligands activateurs (comme prégnanolone), et
gu’il y ait une compétition entre les deux types de ligands dont I’affinité au B30.2 de pyrine ne serait
pas égale. Pyrine serait activée par la fixation d’un ligand activateur au B30.2 ou par la perte
d’interaction du B30.2 avec un ligand inhibiteur, ce qui provoquerait une cascade de changements de
conformations transmise par le CHS. La concentration des dérivés d’hormones stéroides utilisée dans
nos expériences est supérieure a la concentration physiologique a laquelle sont exposée les
monocytes humains circulants. Nous pensons que dans les conditions physiologiques la pyrine est
seulement amorcée par des petites quantités de molécules telles que la prégnanolone et
|'étiocholanolone, ce qui baisserait le seuil d’activation de l'inflammasome pyrine par d’autres
signaux. Il reste a démontrer si I'activation de pyrine par les dérivés d’hormones stéroides est médiée

par une interaction directe entre le domaine B30.2 et les molécules en question.
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