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IL-Converting Enzyme/Caspase-1 Inhibitor VX-765 Blocks the
Hypersensitive Response to an Inflammatory Stimulus in
Monocytes from Familial Cold Autoinflammatory

Syndrome Patients

Jeffrey H. Stack,* Kevin Beaumont,'* Paul D. Larsen,* Kimberly S. Straley,* Greg W. Henkel,*
John C. R. Randle,* and Hal M. Hoffman"

Familial cold autoinflammatory syndrome (FCAS) and the related autoinflammatory disorders, Muckle-Wells syndrome and
neonatal onset multisystem inflammatory disease, are characterized by mutations in the CIAS1 gene that encodes cryopyrin, an
adaptor protein involved in activation of IL-converting enzyme/caspase-1. Mutations in cryopyrin are hypothesized to result in
abnormal secretion of caspase-1-dependent proinflammatory cytokines, IL-18 and IL-18. In this study, we examined cytokine
secretion in PBMCs from FCAS patients and found a marked hyperresponsiveness of both IL-13 and IL-18 secretion to LPS
stimulation, but no evidence of increased basal secretion of these cytokines, or alterations in basal or stimulated pro-IL-1f levels.
VX-765, an orally active IL-converting enzyme/caspase-1 inhibitor, blocked IL-1( secretion with equal potency in LPS-stimulated
cells from FCAS and control subjects. These results further link mutations in cryopyrin with abnormal caspase-1 activation, and

support the clinical testing of caspase-1 inhibitors such as VX-765 in autoinflammatory disorders. The Journal of Immunology,

2005, 175: 2630-2634.

utations in the CIAS1 gene (also known as NALP3
M and PYPAF1) have been identified as the basis for a
group of related autoinflammatory syndromes that in-
clude familial cold autoinflammatory syndrome (FCAS),> Muckle-
Wells syndrome (MWS), and neonatal onset multisystem inflam-
matory disease (NOMID), also known as chronic infantile
neurologic cutaneous articular syndrome (1-5). Although these
diseases vary in severity, all are characterized by the appearance of
inflammatory symptoms without evidence of autoantibodies or
Ag-specific T cells. FCAS, the mildest of these diseases, is char-
acterized by episodic arthralgia, rash, and fever in response to cold
exposure (6). MWS patients have similar inflammatory episodes
that are more frequent and often unprovoked, and frequently de-
velop progressive sensorineural hearing loss and systemic amy-
loidosis. NOMID, the most severe of the three phenotypes, is as-
sociated with more chronic inflammation involving joint, skin, and
the nervous system. These patients commonly have severe neuro-
logic symptoms due to chronic aseptic meningitis, as well as areas
of bony overgrowth (7).
CIAS1 encodes cryopryin, an adaptor protein expressed in im-
mune cells that contains at least three well-known protein-protein
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interaction domains, including a pyrin domain, a nucleotide bind-
ing site (NBS) domain, and a leucine-rich repeat domain. The
pyrin domain and NBS domain associate with two adaptor pro-
teins, apoptosis-associated speck-like protein containing a CARD
(ASC) and CARDINAL, respectively. These proteins, in turn, bind
the IL-converting enzyme (ICE)/caspase-1 through caspase
recruitment domain (CARD)-domain interactions (8). A multipro-
tein inflammasome, formed by the association of all of these pro-
teins, is involved in the proteolytic activation of ICE/caspase-1 in
monocytes/macrophages, resulting in IL-18 and IL-18 production
and subsequent activation of immune responses (9).

The recently reported finding of alterations in IL-13 production
in monocytes from NOMID and MWS patients is consistent with
the proposed role for cryopyrin in ICE/caspase-1 activation. In one
study of CIAS1 mutations in NOMID (2), pro-IL-18 levels were
elevated in unstimulated monocytes from a patient with a D303N
mutation, although the response to LPS treatment was blunted
compared with controls. In a more recent study of a different NO-
MID patient with the D303N mutation (10), IL-18 and IL-18 se-
cretion were elevated in both unstimulated as well as LPS-stimu-
lated whole blood cells. Adherent monocytes from a MWS patient
with a R260W mutation also had elevated basal and LPS-stimu-
lated IL-1 secretion (8).

Recent clinical studies in patients with cryopyrin-associated in-
flammatory disorders have suggested that IL-1 dysregulation is the
key pathogenic mechanism involved in all three disorders. MWS
patients showed a remarkable response to treatment with the hu-
man rIL-1 receptor antagonist, anakinra, with a rapid reduction in
inflammatory symptoms and normalization of serum amyloid A
levels (11, 12). Rapid amelioration of symptoms upon treatment
with anakinra has also been reported recently in NOMID (13, 14).
Additionally, anakinra treatment before cold exposure prevented
clinical symptoms and laboratory signs of inflammation in FCAS
patients (15). These rapid positive clinical responses to treatment
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with anakinra strongly indicate that IL-1 is a central mediator of
disease in these autoinflammatory syndromes.

The positive clinical results with anakinra in these inflammatory
disorders, along with the potential role of cryopyrin in ICE/
caspase-1 activation, provide the rationale for a clinical study to
test caspase-1 inhibition as a means of treating the autoinflamma-
tory disorders. VX-765 is the orally available prodrug of a potent
and selective competitive inhibitor of ICE/caspase-1. VX-765 is
currently under clinical development for the treatment of inflam-
matory and autoimmune conditions. In preparation for clinical tri-
als of VX-765 in autoinflammatory disorders, we examined
whether the ICE/caspase-1-mediated release of IL-13 and IL-18 is
indeed enhanced in PBMCs from FCAS patients compared with
normal subjects, and whether the efficacy and potency of VX-765
to inhibit this response are altered by mutations in cryopyrin.

Materials and Methods

Patients

The study received the approval of the University of California Human
Research Protection Program committee, and informed consent was ob-
tained from the subjects before the study. Eight patients with FCAS were
included in the study, seven female and one male, with ages ranging from
21 to 86 years and mean age of 56 = 20 (SD) years. Control subjects were
five age-matched male spouses and one unaffected son, ages ranging from
19 to 83 and mean age of 60 = 24 (SD) years. All of the FCAS patients
had a classic clinical presentation and met diagnostic criteria, as described
previously (6). None of the FCAS or control subjects were experiencing
significant inflammatory symptoms at the time of study, and none were on
regular anti-inflammatory medications. Three of the FCAS patients in this
study were treated previously with 2 doses of anakinra >6 mo before this
study. None of the FCAS subjects had evidence of neurologic symptoms,
skeletal abnormalities, hearing loss, or amyloidosis.

The FCAS patients were from three families, and expressed three dif-
ferent CIAS1 gene mutations. Five related patients (mother, two daughters,
granddaughter, and a distant male relative) possessed the common L353P
ancestral mutation in cryopyrin that has been described previously (16).
The other patients possessed novel mutations that have not been reported.
Two patients (mother and daughter) had a T-to-A transition at nt 1976 in
the CIAS1 gene, leading to a M659K substitution in cryopyrin. One patient
had a G-to-A transition at nt 1573 in the CIAS1 gene, generating a E525K
amino acid substitution that has not been reported, as well as the VI98M
variation described previously in several patients with diverse phenotypes,
but also in normal controls. All of the mutations are located in exon 3,
which encodes the NBS (NACHT) domain or NBS-associated domain, and
all are within 3 aa of other reported mutations, consistent with studies
suggesting mutational hot spots (17).

VX-765

VX-765 (synthesized by Vertex Pharmaceuticals) was prepared as a
DMSO stock solution and diluted to appropriate concentrations in me-
dium, as described below. VX-765 is a prodrug that is converted to its
active metabolite, VRT-043198, both in vivo and in vitro by enzymatic
and hydrolytic cleavage (to be reported separately). VRT-043198 binds
to the catalytic site and competitively inhibits ICE/caspase-1 with an
inhibition constant (K;) = 0.8 nM. VX-765 inhibits the release of LPS-
induced IL-18 and IL-18 by human PBMCs with an ICy, of ~0.7 uM
and reduces inflammatory response in murine models of inflammatory
disease (W. Wannamaker, R. Davies, M. Namchuk, J. Pollard, P. Ford,
G. Ku, C. Decker, K. Kuida, and J. Randle, manuscript in preparation).

Preparation of PBMCs

Venous blood was drawn from donors into EDTA/Vacutainer tubes at
10-11 a.m., the time of the day when FCAS patients are generally least
symptomatic. Blood (25 ml) was layered over 10 ml of Ficoll in 50-ml
conical tubes, and centrifuged for 30 min at 1500 rpm at 22°C. The PBMC
fractions were collected and pooled for each patient; the volume was ad-
justed to 50 ml with room temperature PBS; and samples were centrifuged
for 10 min at 1200 rpm. Cell pellets were resuspended in 50 ml of PBS/tube
and centrifuged a second time for 5 min at 1200 rpm. Supernatants were
aspirated, and cell pellets were resuspended in prewarmed RPMI 1640
complete medium containing 10% FBS, nonessential amino acids, 50 uM
2-ME, 1 mM Na pyruvate, and penicillin/streptomycin. Cells were counted
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with hemacytometer, and cell density was adjusted to 2 million cells/ml by
addition of RPMI 1640 complete medium.

Assay for secreted cytokines

A total of 2 X 10° cells/well (100 ul cell suspension) was distributed in
triplicate in flat-bottom 96-well plates. Either 50 ul of VX-765 (40 uM in
RPMI 1640 complete medium containing 0.2% DMSO) or vehicle control
was added to appropriate wells. Following a 30-min incubation at 37°C, 50
wul of LPS (Escherichia coli O111:B4; Calbiochem) diluted in RPMI 1640
complete medium was added at final concentrations varying from 0.001 to
10 ng/ml. Cells were returned to a 37°C incubator. At 4 h after LPS ad-
dition, 75 ul of supernatant was removed from wells, cleared by centrif-
ugation for 5 min at 1500 rpm, and stored at 4°C until assayed. Cells were
returned to a 37°C incubator until 24 h after LPS addition, at which time
100 wl of supernatant was removed, cleared by centrifugation, and stored
at 4°C. Supernatants were tested using ELISA kits for IL-13 (BD Pharm-
ingen; catalogue 558848), IL-6 (eBioscience; catalogue 88-7066), IL-18
(R&D Systems; catalogue 7620), and IL-la (R&D Systems; catalogue
DLA-50), according to the manufacturers’ instruction.

Immunoblotting

A total of 10° cells/well (500 wl cell suspension) was distributed in 24-well
plates. Cells were treated with VX-765 and LPS, as described above, ad-
justed for 1 ml final volume. At 4 h after addition of LPS, all of the medium
was transferred to 1.5-ml tubes and centrifuged at 1000 X g for 5 min at
4°C to pellet the suspended cells, and supernatants were removed. To lyse
attached cells, 100 ul of 1X NuPage sample buffer (NOVEX) plus 2-ME
were added to each well, and plates were placed on an orbital shaker. The
100 wl of sample buffer in the wells was transferred to corresponding
pellets and boiled for 15 min, then frozen at —20°C. Samples were boiled
again before loading onto a 4—12% Bis-Tris NuPage gel and run with
NuPage MES running buffer. Gels were transferred to nitrocellulose filters.
Filters were blotted in TBST (0.05% Tween 20) + 5% dry milk. For IL-1
immunoblotting, blots were incubated overnight at 4°C with 1:2,000 mouse
anti-IL-18 (Sigma-Aldrich) primary Ab, then incubated with 1:10,000
HRP goat anti-mouse secondary Ab for 1 h, and developed with ECL
(Pierce SuperSignal Dura Western Substrate).

Results

Cytokine release

Because of the evidence suggesting the involvement of cryopyrin
in IL-18 production, we measured IL-1[3 secretion from PBMCs
obtained from FCAS patients and controls. Levels of IL-18 se-
creted after 4- or 24-h exposure to LPS were markedly greater for
PBMC:s from FCAS patients than unaffected donors (Fig. 1). IL-13
released in the absence of LPS treatment was below the level of
detection in PBMCs from patients and controls. Exposure to as
little as 0.01 ng/ml LPS for 4 h, which produced negligible I1L-183
secretion from control cells, stimulated robust secretion from
PBMCs of FCAS patients. IL-1f3 released at the highest concen-
tration of LPS (10 ng/ml) was 2.1- to 2.7-fold higher in PBMCs
from FCAS patients. Consistent with the involvement of ICE/
caspase-1 in the processing of pro-IL-1, the caspase-1 inhibitor
VX-765 (10 uM) markedly (>80%) inhibited release of IL-183
from both FCAS and control cells (Fig. 1).

Before its release from monocytes, IL-18, like IL-1[3, undergoes
proteolytic maturation by ICE/caspase-1, so levels of this cytokine
in cell medium were also measured. The level of IL-18 release was
~100-fold lower than that of IL-18. As with IL-13, LPS-stimu-
lated release of IL-18 was strikingly higher in PBMCs from FCAS
patients compared with control subjects and was markedly inhib-
ited by VX-765 at 10 uM (Fig. 2). Also like IL-1, there was no
detectable constitutive release of IL-18 in the absence of LPS ex-
posure, while there was significant IL-18 release from FCAS cells
at low LPS concentrations that did not produce IL-18 release in
normal cells.

To determine whether the abnormality in FCAS PBMC:s is sim-
ply a general hyperinflammatory state or a specific defect in
caspase-1 regulation, we also measured IL-6 and IL-1« in the cell
medium after 24-h exposure to LPS (Fig. 3). In marked contrast to
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FIGURE 1. Release of IL-183 by PBMCs from FCAS patients or control
subjects after exposure to LPS for 4 (A) or 24 (B) h in the absence or
presence of 10 uM VX-765. Results are mean = SEM for seven FCAS
patients and five controls.

IL-18 and IL-18, secretion of IL-6 was not increased in PBMCs
from FCAS compared with control subjects. Secretion of IL-1a
appeared to be lower in FCAS than in controls (Fig. 3), although
results were available from only two control subjects. At the high-
est concentration of LPS (10 ng/ml), IL-1« secretion was reduced
by ~50% in the presence of VX-765 (10 uM). Interestingly, IL-1«
secretion is reduced in macrophages from ICE/caspase-1 knockout
mice (18), suggesting that IL-1« secretion is partially dependent
on ICE/caspase-1 or IL-18 levels.

Pro-IL-1B and ICE/caspase-1 expression

It is possible that the increased cytokine secretion in FCAS pa-
tients is due to increased biosynthesis of precursors. To determine
whether the increased IL-1 and IL-18 secretion in FCAS is due to
dysregulation at the transcriptional or posttranslation level, the ef-
fects of LPS on pro-IL-18 expression were determined. In the
absence of LPS stimulation, pro-IL-1 was not detectable in either
FCAS or control PBMCs (Fig. 4). Pro-IL-1 expression increased
markedly in response to LPS, but with no notable difference be-
tween FCAS and control PBMCs (Fig. 4), even at low LPS con-
centrations. This suggests that the difference observed in cytokine
secretion between FCAS and control secretion was not due to dif-
ferences in synthesis of the cytokine precursors.

Inhibitory potency of VX-765

Because the mutations in FCAS appear to affect the activity state
of ICE/caspase-1, we tested whether the potency of VX-765 to
inhibit ICE/caspase-1-mediated IL-1[3 production is altered by the

mutations. The ability of VX-765 to inhibit IL-13 release was
determined using PBMCs from three FCAS and three control sub-
jects, measured after 24-h exposure to 10 ng/ml LPS. VX-765
inhibited IL-18 release with similar potency in PBMCs from
FCAS (IC5, = 0.99 = 0.29 uM) and control (IC5, = 1.10 = 0.61
M) subjects (Fig. 5).

Discussion

The identification of the genetic basis of several inherited autoin-
flammatory syndromes has led to rapid advances in understanding
their pathophysiology, with significant implications for the devel-
opment of novel targeted therapies. Specifically, members of the
pyrin family of proteins are altered in FCAS, MWS, NOMID,
familial Mediterranean fever, pyogenic arthritis, pyoderma gan-
grenosum, and acne syndrome. The role of these proteins in the
regulation of IL-1 is supported by experimental data and the effi-
cacy of IL-1-directed treatment (11-13). This translational study
bridges mechanistic cytokine data and novel ICE/caspase-1-di-
rected therapeutics using PBMCs from FCAS patients with three
different CIAS1 mutations. Our results indicate that altered ICE/
caspase-1-dependent posttranslational processing of IL-1f, rather
than altered precursor biosynthesis, results from the cryopyrin mu-
tations in FCAS.

Recent in vitro data suggest that disease-related mutations in
cryopyrin are gain of function mutations. THP-1 cells (a mono-
cytic cell line) transfected to overexpress mutant cryopyrin spon-
taneously secrete IL-18 (19). However, it is unclear whether this
effect is due to increased transcription of pro-IL-18, posttransla-
tional cleavage of pro-IL-18 to its active secretable form, or a
combination of both functions. Using a luciferase reporter assay,
HEK?293T cells transfected with mutant cryopyrin and ASC, a
pyrin domain-containing adaptor protein that has been shown to
interact with cryopyrin, have significantly increased NF-kB activ-
ity compared with cells with wild-type cryopyrin, supporting a
transcriptional effect (19). However, immunoprecipitation experi-
ments have shown that cryopyrin and ASC interact with other
proteins, including CARDINAL and ICE/caspase-1, in a molecular
platform called the inflammasome that is responsible for pro-IL-1[3
processing (8). Follow-up studies have also implicated cryopyrin
as an intracellular sensor of muramyl peptides, the primary immu-
nologically active component of peptidoglycan, and a common
contaminant of most preparations of LPS (20), suggesting that
the biosynthesis and release of IL-183 in response to LPS may
have both TLR 4-dependent and independent components. The
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=) 4
o
2" 100+
3
] v
o] y T
0 0001 001 01 1 10
LPS, ng/mi

FIGURE 2. Release of IL-18 by PBMCs from FCAS patients or control
subjects after 24-h exposure to LPS in the absence or presence of 10 uM
VX-765. Results are mean = SEM for three FCAS and three controls.
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FIGURE 3. Release of IL-6 (A) and IL-1 (B) by PBMCs from FCAS
patients or controls after 24-h exposure to LPS in the absence or presence
of 10 uM VX-765. For IL-6, results are from seven FCAS and five control
subjects (mean = SEM). For IL-1a, results are from four FCAS patients
(mean = SEM) and two control subjects (mean of n = 2).

relative contributions of these cryopyrin functions have not been
elucidated.

Our ex vivo data with FCAS PBMCs support a primarily post-
translational role for cryopyrin in IL-1f3 responses. The increased
IL-1pB and IL-18 release from the FCAS cells is evidence for ICE/
caspase-1 dysregulation, as both of these cytokines are processed
by ICE/caspase-1 to be released from the cell. In contrast, IL-6 and
IL-1a levels in cell supernatants are either unchanged or somewhat
reduced in FCAS, indicating that there is no increase in transcrip-
tion or translation of other inflammatory cytokines not processed
by ICE/caspase-1. The Western blot data (Fig. 4) also show no
measurable difference between pro-IL-183 protein levels in cells
from patients and controls, suggesting that mutant cryopyrin exerts
its effect at a later step in IL-1 release.

The limitations of this study include sample size, differences in
sex between patients and controls, and use of mixed PBMCs in-
stead of monocytes. Sample size was limited by the number of
available local patients and controls, as fresh blood samples are
necessary for these types of studies. We made a significant attempt
to match age of patients and controls by choosing spouses and
siblings. Unfortunately, the number of available FCAS-affected
males and unaffected females was limited in this study. However,
we believe that differences in IL-18 responses due to sex are un-
likely, given our previous unpublished data of healthy subjects in
which IL-1p release from whole blood in response to 5 ng/ml LPS
did not significantly differ between male and female subjects:
males = 403.1 £ 201.5 pg/ml (n = 16); females = 403.3 = 212.1
pg/ml (n = 3) (mean = SD). We chose to use PBMCs instead of
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monocytes in this study because of the limited amount of blood
available by venipuncture and the large number of conditions re-
quired to study the LPS dose response at two time points. Minimal
amounts of the cytokines measured in this study are released by
cells other than monocytes.

The finding of altered IL-18 secretion in PBMCs from FCAS
patients is consistent with studies reported previously using mono-
cytes or whole blood from single NOMID (2, 10) and MWS (8)
patients. However, our results in FCAS differ from the previous
results in MWS and NOMID in that no constitutive pro-IL-183
biosynthesis or IL-13 release was observed in any of the eight
FCAS patients studied. This difference may be a reflection or even
a contributing factor to the less severe and persistent nature of
FCAS relative to MWS or NOMID. It is possible that FCAS cells
have constitutively active ICE/caspase-1, and that the lack of
IL-1 release at baseline is due to the absence of pro-IL-18. It is
also possible that increased pro-IL-183 biosynthesis seen in mono-
cytes from a NOMID patient was due to IL-1R-mediated NF-«B
activation. Like monocytes from a MWS and one NOMID patient,
the FCAS cells showed increased IL-1p release with LPS. There
are clear differences in IL-1[3 release between patients and controls
at low LPS doses at both 4 and 24 h, suggesting a state of hyper-
responsiveness. We did observe some differences in IL-18 re-
sponses between individual FCAS patients, but the lack of signif-
icant variation in clinical severity among these patients and the
limited number of patients with different mutations did not allow
for adequate power to study this. It seems likely that the differ-
ences between monocyte IL-13 responses among the cryopyrin-
associated diseases correlate with clinical phenotype; however, ad-
ditional studies with larger numbers of NOMID, MWS, and FCAS
patients with additional mutations need to be performed to
confirm this.

Although the exact role of cryopyrin in the activation of ICE/
caspase-1 has not been determined, our data clearly show that
FCAS mutations in cryopyrin result in enhanced processing and
release of the ICE/caspase-1-dependent cytokines, IL-13 and IL-
18, in the presence of LPS. VX-765, via its active metabolite VRT-
043198, inhibited LPS-induced IL-13 and IL-18 release by PBMCs
from FCAS patient and healthy volunteers with very similar effi-
cacy and potency. Therefore, cryopyrin mutations do not alter the

LPS, ng/mi

FCAS <

Control <

FIGURE 4. Western blot analysis for pro-IL-18 expression in PBMCs
stimulated for 4 h with LPS. Pro-IL-1p band at 31 kDa probed with anti-
IL-1p is shown. PBMCs were from three FCAS and three control subjects.

6T0Z ‘0S |udy uo 19Nn6 Aqg /6.0 jounwiwi i mammy/:dny wioly papeoumoq


http://www.jimmunol.org/

2634
1004 s FCAS
e 4 Control
£ 751
Q
0
= 504
=
= 254
c L) L] L] 1
-7 -6 -5 -4
[VX-765], log M
FIGURE 5. Inhibition by VX-765 of LPS-stimulated IL-18 release

from PBMCs. Control and FCAS PBMCs were incubated with 10 ng/ml
LPS in the presence of increasing concentrations of VX-765 for 24 h, and
then IL-183 in cell medium was measured by ELISA. Results for each
subject were normalized to the level of IL-1f release in the absence of
VX-765. Mean = SEM, n = 3 control and 3 FCAS subjects.

ability of VX-765 to interact with and inhibit ICE/caspase-1. The
effectiveness of the orally active ICE/caspase-1 inhibitor, VX-765,
in this ex vivo model supports the testing of this agent in autoin-
flammatory disorders.
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