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Mevalonate kinase deficiency (MKD) is an
autoinflammatory disorder characterized
by recurring fever episodes and results
from disturbed isoprenoid biosynthesis.
Lipopolysaccharide-stimulated peripheral
blood mononuclear cells from MKD patients
secrete high levels of interleukin-1§ (IL-1B)
because of the presence of hyperactive
caspase-1, and this has been proposed to
be the primary cause of recurring inflam-
mation. Here we show that inhibition of
HMG-CoA reductase by simvastatin treat-
ment, mimicking MKD, results in in-

creased IL-1p secretion in a Rac1/PI3K-
dependent manner. Simvastatin treatment
was found to activate protein kinase B
(PKB)/c-akt, a primary effector of PI3K,
and ectopic expression of constitutively
active PKB was sufficient to induce IL-13
release. The small GTPase Rac1 was acti-
vated by simvastatin, and this was re-
quired for both PKB activation and IL-13
secretion. IL-1p release is mediated by
caspase-1, and simvastatin treatment re-
sulted in increased caspase-1 activity ina
Rac1/PI3K-dependent manner. These data

suggest that, in MKD, dysregulated iso-
prenoid biosynthesis activates Rac1/PI3K/
PKB, resulting in caspase-1 activation
with increased IL-1p release. Importantly,
inhibition of Rac1 in peripheral blood
mononuclear cells isolated from MKD pa-
tients resulted in a dramatic reduction in
IL-1B release. These data suggest that
pharmacologic inhibition of Rac1 could
provide a novel therapeutic strategy for
treatment of MKD. (Blood. 2008;112:
3563-3573)

Introduction

Mevalonate kinase deficiency (MKD; MIM #260920) is an autoin-
flammatory disorder characterized by spontaneous and recurrent
fever attacks. The febrile attacks are accompanied by painful
cervical lymphadenopathy and often by abdominal pain, vomiting,
and diarrhea. A variety of other symptoms, including headache,
skin rashes, mucosal ulcers, myalgia, and arthralgia, may also
occur.'3 MKD is inherited in an autosomal recessive manner and is
caused by mutations in the gene MVK, which codes for the enzyme
mevalonate kinase.** Mevalonate Kinase is a critical enzyme in the
isoprenoid biosynthesis pathway, which produces cholesterol and a
number of non-sterol isoprenoids.®’ The latter includes geranylgera-
nylpyrophosphate, a fatty acid side chain that is covalently attached
to proteins of the Rho GTPase superfamily.® The isoprenoid
biosynthesis pathway can be perturbed by the use of statins, which
strongly inhibit 3-hydroxy-3-methylglutaryl CoA (HMG-CoA)
reductase, the enzyme that catalyzes the conversion of HMG-CoA
into mevalonate.” Recently, we and others have shown that
impairment of the isoprenoid pathway by statins can augment
interleukin-1B (IL-1B) secretion by activated peripheral blood
mononuclear cells (PBMCs).!1%12 In PBMCs from MKD pa-
tients, it is the specific lack of geranylgeranylated proteins that
results in increased IL-18 production.!® This IL-1@ production
may be largely responsible for the inflammation and fever
observed in MKD patients, a notion that is strongly supported by
the successful treatment of MKD patients with the IL-1 receptor
antagonist Anakinra (Kineret, Amgen, Thousand Oaks, CA).!4-16

However, it remains unclear how reduced levels of geranylgera-
nylated proteins can lead to increased IL-1 release.

To investigate the molecular mechanisms underlying increased
IL-1B production in mevalonate kinase deficiency, we have used
the monocytic cell line THP-1 in which the isoprenoid biosynthesis
pathway is artificially impaired using simvastatin. In this model,
simvastatin treatment results in increased IL-1( release by lipopoly-
saccharide (LPS)-stimulated THP-1 cells. Previous research sug-
gests a 2-step model in which LPS stimulation is needed for
efficient transcription of the IL-13 gene, resulting in high levels of
intracellular prolL-1B protein.!”!8 The second step is provided by
impairment of the isoprenoid biosynthesis pathway via simvastatin,
which strongly enhances proteolytic activity of caspase-1.1 Active
caspase-1 can subsequently process the LPS-induced prolL-1(3
protein into mature IL-1[3, which is then secreted together with the
caspase-1 subunits.

To investigate the molecular pathways regulating simvastatin-
induced activation of caspase-1, we have analyzed the signal
transduction routes involved in LPS/simvastatin-mediated IL-1p
release. Taken together, our data demonstrate that simvastatin
treatment results in caspase-1 activation through a Racl/PI3K/
protein kinase B (PKB)-dependent pathway and that inhibition of
Racl can decrease IL-1f3 release by MKD PBMC:s. In addition, we
found that LPS augments IL-1( transcription via p38 MAPK-
mediated regulation of the transcription factor NF-kB. These
findings provide novel insights into the molecular mechanisms
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responsible for fever and inflammation in MKD patients and define
Rac1 as a molecule for potential targeted therapy.

Methods

Reagents

Glycogen synthase kinase 3 (GSK-3) inhibitor SB216763, NF-«kB inhibitor
CAPE, simvastatin, mevalonate, and LPS (Escherichia coli 0127:B8) were
purchased from Sigma-Aldrich (St Louis, MO). Simvastatin, dissolved in
ethanol, and mevalonate were prepared by hydrolyzation with 0.1 M of
NaOH, followed by neutralization with 1 M N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid, pH 7.4, and 0.1 M HCI. The solution was
sterilized by filtration through a 0.2-pm filter and stored as aliquots at
—20°C. Racl inhibitor, Akt inhibitor VIII, protein kinase C zeta (PKCy)
pseudosubstrate, MEK /2 inhibitor U0126, and NF-kB activation inhibitor
II were obtained from Calbiochem (San Diego, CA). Mammalian target of
rapamycin (mTOR) inhibitor rapamycin and PI3-kinase inhibitor LY294002
were from BIOMOL Research Laboratories (Plymouth Meeting, PA) and
p38 MAPK inhibitor SB203580 from Kordia Life Sciences (Leiden, The
Netherlands). Primary antibodies to p-p38 MAPK, p-PKB, total PKB,
total p38, total IkB, p-NF-kB, p-elF4B, p-GSK-3, and p-S6 ribosomal
protein were purchased from Cell Signaling Technology (Danvers, MA).
Antiactin and antigoat IgG were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA).

Cell culture

Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) containing
2 mM glutamine, 100 U/mL penicillin-streptomycin, and either 5% or 0.1%
fetal calf serum at a density of 109/mL. Incubations were performed at 37°C
in a humidified atmosphere containing 5% CO,, in the presence or absence
of 10 uM simvastatin. After 24 hours of incubation, LPS at a final
concentration of 200 ng/mL was added to the cells. When inhibitors were
used, they were added either 1 hour before simvastatin or 1 hour before LPS
treatment. After 4 hours of LPS stimulation, supernatants were removed and
frozen at —20°C. Cell pellets were snap frozen in liquid nitrogen and stored
at —80°C for reverse-transcribed polymerase chain reaction (RT-PCR)
analysis. Cell lysates were prepared either by direct lysis in 4X sample
buffer or by adding lysis buffer to the cell pellets (150 mM NaCl, 20 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 10 mM ethylenedia-
minetetraacetic acid, 1% Triton X-100, protease inhibitors). Cell pellets
were then lysed for 30 minutes on ice, after which samples were centrifuged
at 13000g for 15 minutes. Supernatants were transferred to fresh
tubes. Protein levels were determined using the Bio-Rad protein assay
(Bio-Rad, Hercules, CA).

Cytokine measurements

Cytokine detection was carried out using commercially available enzyme-
linked immunosorbent assay (ELISA) kits: Pelikine-compact human IL-103
ELISA kit (Sanquin, Amsterdam, The Netherlands), human prolL-1p/IL-
1F2, and human caspase-1 Quantikine ELISA Kit (R&D Systems, Minne-
apolis, MN). The assays were performed according to the manufacturer’s
instructions, and all samples were measured in duplicate.

Western blot analysis

Cell lysates were resolved on sodium dodecyl sulfate polyacrylamide gels
and transferred onto polyvinylidene difluoride membranes (Millipore,
Billerica, MA). As a control for equal transfer of protein, the blots were
stained reversibly with Ponceau S. Membranes were blocked in
Tris-buffered saline containing 0.3% Tween and 5% nonfat dry milk.
Membranes were probed with a 1:1000 dilution of the primary antibody and
with a 1:3000 dilution of horseradish peroxidase-conjugated secondary
antibody (Dako, Glostrup, Denmark). Chemiluminescence was detected
with an enhanced chemoluminescence kit (GE Healthcare, Little Chalfont,
United Kingdom).
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Viral transduction of THP-1 cells

A bicistronic retroviral DNA construct was used, expressing PKBcaax and
an Internal Ribosomal Entry Site followed by the gene encoding eGFP
(LZRS-eGFP). LZRS-eGFP retrovirus was produced by transient transfec-
tion as previously described.?’ After transfection, viral supernatants were
collected, filtered through a 0.2-pm filter, and snap frozen in liquid
nitrogen. THP-1 cells were transduced in 24-well plates precoated over-
night with 10 pg/cm? recombinant human fibronectin fragment CH-296
(RetroNectin, Takara, Japan) in phosphate-buffered saline. Transduction
was performed by addition of 0.5 mL viral supernatant to 0.5 mL culture
medium containing 4 X 10° cells/mL. Approximately 16 hours after
transduction, 0.7 mL medium was removed from the cells and 0.5 mL fresh
virus supernatant was added together with 0.5 mL fresh medium. eGFP-
positive cells were sorted on a FACS Vantage and cultured in RPMI
1640 containing 50 wM B-mercaptoethanol, 40 U/mL penicillin, 40 pg/mL
streptomycin, and 10% fetal bovine serum.

GTPase pulldown assay

The activity of Racl was determined with the EZ-Detect Racl Activation
Kit (Pierce Chemical, Rockford, IL). Briefly, a GST fusion protein
containing the p21-binding domain of human Pak1 was used to specifically
precipitate the active, GTP-bound, Racl.?! This binding domain was
coupled to glutathione-S-transferase. Using glutathione beads, GTP-bound
Racl was precipitated.

Lactate dehydrogenase assay

THP-1 cells were cultured for 24 hours in the presence or absence of
simvastatin (20 wM) and stimulated for an additional 4 hours with
200 ng/mL LPS. After treatment the cells were thoroughly resuspended,
and 200 pL cell suspension was used for the CytoTox 96 NonRadioac-
tive Cytotoxicity Assay (Promega, Madison, WI). The assays were
performed according to the manufacturer’s instructions, and all samples
were tested in duplicate.

Quantitative real-time RT-PCR analysis

The relative expression level of IL-1p to B-actin RNA was measured with
the LightCycler system (Roche Diagnostics, Indianapolis, IN). Total RNA
was isolated from THP-1 cells with Trizol extraction. First-strand cDNA
was prepared using the first-strand cDNA synthesis kit for RT-PCR
according to the manufacturer’s instructions. The IL-18 and B-actin
fragments were amplified using the following primer sets: IL-1B Fw
5'-AGA AGA ACC TAT CTT CTT CGA C-3’, IL-1B Rev 5'-ACT CTC
CAG CTG TAG AGT GG-3', B-actin Fw 5'-GGC ACC AGG GCG TGA
TGG-3' and B-actin Rev 5'-GTC TCA AAC ATG ATC TGG GTC-3'. Data
were analyzed using LightCycler Software, version 3.5 (Roche Diagnos-
tics), and the program LinRegPCR, version 7.5, for analysis of real-time
PCR data. To adjust for variations in the amount of input RNA, the IL-13
mRNA levels were normalized against the mRNA levels of the housekeep-
ing gene -actin.

PBMC cell culture

After approval by the ethics review board of the University Medical Centre
and after written informed consent was obtained from their parents in
accordance with the Declaration of Helsinki, blood was drawn from
2 patients with MKD and from 3 healthy volunteers. PBMCs were isolated
by density gradient centrifugation using Ficoll-Paque (GE Healthcare).
Isolated PBMCs were cultured in RPMI 1640 (Invitrogen) containing 2 mM
glutamine, 100 U/mL penicillin-streptomycin, and 10% fetal calf serum.
Cells (at a density of 10%/mL) were seeded in 96-well microtiter plates in the
presence or absence of LY294002 or Racl inhibitor. Incubations were
performed at 37°C in a humidified atmosphere containing 5% CO,. After
LPS stimulation, supernatants were removed and stored at —20°C.

Statistics

All results are expressed as the mean plus or minus SEM. In Figures 1, 5C,
and 6, statistical significance was calculated using a 1-sample ¢ test.
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Figure 1. PI3K and p38 MAPK are involved in simvastatin-enhanced IL-1p secretion. THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin
(10 uM) and stimulated for an additional 4 hours with 200 ng/mL LPS. When inhibitors were used, they were added either 1 hour before simvastatin or 1 hour before LPS
treatment. Release of IL-13 was determined by ELISA; data are mean plus or minus SEM. (A) Absolute levels of IL-1B secretion (n = 8). (B) Relative inhibition of IL-13
secretion by PI3-kinase, p38 MAPK, and MEK1/2 inhibitors (n = 4, n = 4, and n = 3, respectively). (C) Relative inhibition of IL-1B secretion by PKC; and mTOR inhibitors
(n = 3and n = 4, respectively). (D) Induction of LPS-induced IL-1B secretion by a GSK-3 inhibitor (n = 2). *P < .01 compared with 100%. There was no significant effect of the

solvent DMSO, as demonstrated in Figure S2.

According to the Bonferroni correction, significance level was set at .01. In
Figure 5B, the Wilcoxon signed-rank test was used with a significance
level of .05. All other data were analyzed using 1-way analysis of
variance, followed by Tukey multiple comparison test, also with a
significance level of .05.

Results

PI3K and p38 MAPK regulate LPS/simvastatin-mediated
IL-1 secretion

To induce IL-1 secretion, THP-1 cells were cultured for 24 hours
in the presence or absence of simvastatin and stimulated for an
additional 4 hours with LPS, as described before for both PBMCs
and THP-1 cells,!:!® THP-1 cells stimulated with LPS in the
presence of statin, to inhibit HMG-CoA reductase, displayed
dramatically increased IL-1f release compared with LPS stimula-
tion alone (Figure 1A). Incubation with statin alone did not induce
detectable IL-13 release. The statin-induced effect was specific for
IL-1B because IL-6 and tumor necrosis factor-a release was not
significantly affected! (Figure S1, available on the Blood website;
see the Supplemental Materials link at the top of the online article).
To investigate the potential role of intracellular signal transduction
pathways in simvastatin-enhanced activation of IL-1p release,

THP-1 cells were treated with a variety of kinase inhibitors before
treatment with simvastatin (Figure 1B). Inhibition of PI3K
(LY294002) and p38 MAPK (SB203580) both inhibited IL-1$3
release when administered before simvastatin, whereas inhibition
of MEK1/2 (U0126) had no significant effect. To discern whether
the observed inhibition was the result of a simvastatin-mediated or
an LPS-mediated effect, the inhibitors were also administered after
statin treatment, before addition of LPS (Figure 1B). Inhibition of
PI3K no longer had an effect on IL-1f3 release, whereas the effect
of p38 MAPK inhibition was still evident. This suggests that,
whereas PI3K activity is crucial for statin-enhanced IL-1f release,
p38 MAPK is required for LPS-mediated IL-1(3 release.

To further investigate the downstream mediators responsible for
statin-mediated IL-1( release, several downstream targets of PI3K
activation were also investigated. THP-1 cells were treated with
inhibitors of mTOR (rapamycin), PKC; (pseudosubstrate), and
GSK-3 (SB216763) 1 hour before addition of simvastatin (Figure
1C,D). Because GSK-3 activity is inhibited rather than activated
after PI3K activation, THP-1 cells were only stimulated with LPS
to determine whether GSK-3 inhibition could mimic the effect
of simvastatin treatment on IL-1B release. None of these
inhibitors had an effect on IL-1p release, demonstrating that
PI3K-mediated effects are independent of PKC,, mTOR, or
GSK-3 activities.
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Regulation of p38 MAPK and PKB activation
by LPS and simvastatin

Inhibition of PI3K decreases simvastatin-mediated IL-1[3 release,
whereas p38 MAPK inhibition perturbs IL-1f3 release in an
LPS-dependent manner (Figure 1B). To determine whether indeed
HMG-CoA reductase inhibition results in PI3K activation, we
analyzed the phosphorylation of PKB/c-akt, which we have
previously demonstrated is directly dependent on PI3K activity.??
Furthermore, we analyzed whether LPS treatment could indeed
enhance phosphorylation of p38 MAPK. THP-1 cells were serum-
starved and subsequently stimulated with either LPS or with
simvastatin. Cell extracts were analyzed for phospho-p38 MAPK
and phospho-PKB content (Figure 2). Incubation of THP-1 cells
with simvastatin induced phosphorylation of PKB, whereas no
change in the level of phospho-p38 MAPK was observed (Figure
2A). Simvastatin-induced PKB phosphorylation was inhibited by
addition of the PI3K inhibitor LY294002 (Figure 2B). In contrast,
stimulation of THP-1 cells with LPS induced a time-dependent
increase in phospho-p38 MAPK, reaching a maximum at 1 hour,
after which levels slowly declined. During this time, no change in
phospho-PKB was observed (Figure 2C). These results further
support the hypothesis that inhibition of HMG-CoA reductase by

A

BLOOD, 1 NOVEMBER 2008 - VOLUME 112, NUMBER 9

simvastatin treatment stimulates IL-1{ secretion via a PI3K/PKB-
dependent pathway whereas LPS enhances IL-1f3 secretion in a
p38 MAPK-dependent manner.

p38 MAPK inhibition decreases prolL-1p transcription
and translation

p38 MAPK inhibition was shown to reduce LPS-driven IL-1$3
secretion to approximately 60% of the maximum (Figure 1B). LPS
has been described to increase the level of IL-1f transcription, '3
although the exact molecular mechanism involved remains rela-
tively undefined. To determine whether p38 MAPK is indeed
required for LPS-induced IL-1f3 transcription in our model, IL-1(3
mRNA levels were determined. THP-1 cells were treated with LPS
for up to 8 hours in the presence or absence of p38 MAPK inhibitor
SB203580. In parallel, levels of prolL-1( protein were determined
using a specific prolL-13 ELISA assay (Figure 3). Inhibition of p38
MAPK resulted in a significant delay in IL-1{3 transcription as
shown by the initial inhibition of total IL-13 mRNA levels
followed by a recovery (Figure 3A). This pattern was similar for
the prolL-1p protein levels (Figure 3B). These data indicate that
p38 MAPK indeed plays a role in LPS-induced IL-1f3 transcription.
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Figure 3. p38 MAPK inhibition decreases prolL-1§ transcription and transla-
tion. THP-1 cells were cultured in the presence of LPS (200 ng/mL) for up to 8 hours.
p38 MAPK inhibitor was added 1 hour before LPS treatment. Cells were either snap
frozen for determination of IL-13 mRNA content (A) or lysed by adding lysis buffer for
determination of prolL-1p protein levels (B). Data are mean plus or minus SEM. Data
shown are from 1 of 2 experiments performed in duplicate (*P < .05).

LPS-enhanced transcription of IL-1p is mediated via NF-«xB

Several reports have shown that NF-kB can be regulated by p38
MAPK activity.?*?> NF-kB is present in the cytoplasm in an
inactive complex containing IkB and 2 NF-kB subunits. When kB
is phosphorylated, it becomes ubiquitinated and subsequently
degraded.?® During or after phosphorylation of IkB, NF-«B is
phosphorylated and translocates to the nucleus, where it enhances
transcription of its target genes. We wanted to determine whether
p38 MAPK might play a role in LPS-mediated IL-1f release
through activation of NF-kB. Therefore, THP-1 cells were treated
with LPS in the presence or absence of p38 MAPK inhibitor
SB203580. As a measure of NF-kB activation, we analyzed the
levels of IkB (Figure 4A), where degradation of IkB is an
indication of NF-kB activation. In the absence of SB203580, LPS
induced IkB degradation and this degradation correlated with the
increase in p38 MAPK phosphorylation observed earlier (Figure
2C), peaking after 1 hour of LPS stimulation. Inhibition of p38
MAPK prevented LPS-mediated IkB degradation, demonstrating
that indeed p38 MAPK activation is required for NF-kB activation.
In addition, we wanted to establish whether p38 MAPK can also
regulate NF-kB phosphorylation (Figure 4B). LPS induced phos-
phorylation of NF-«kB, peaking after 1 hour of LPS stimulation.
The phosphorylation of NF-kB was not inhibited by SB203580,
indicating that phosphorylation of NF-kB is independent of p38
MAPK activity. To confirm that NF-kB activity is required for
LPS-mediated IL-13 secretion, we incubated THP-1 cells with
2 disparate NF-«kB inhibitors 1 hour before LPS stimulation and
measured IL-1p secretion (Figure 4C). Both NF-«kB inhibitors
decreased IL-1p3 secretion in a dose-dependent manner, confirming
that NF-kB activity is required for LPS-mediated IL-1(3 release.

Rac1 ASAPOTENTIAL TARGET FOR TREATMENT OF MKD 3567

Ectopic expression of constitutively active PKB enhances
IL-1$ secretion

In Figure 2A, we show that PKB is phosphorylated in a time-
dependent manner after treatment with simvastatin. To determine
whether activation of PKB is sufficient to recapitulate the effects of
statin treatment on IL-1f secretion, THP-1 cells were retrovirally
transduced with a constitutively active form of PKB (PKBcaax)?’
or an eGFP control vector. Retroviral transduction resulted in
approximately equal levels of PKBcaax compared with endoge-
nous PKB (Figure 5A). Increased PKB activity was confirmed by
analysis of phospho-PKB itself and of phosphorylated downstream
PKB substrates, including eukaryotic initiation factor 4B (elF4B),
S6 ribosomal protein, and GSK-3 (Figure 5A). Transduced THP-1
cells were incubated with simvastatin for 24 hours and subse-
quently stimulated with LPS, after which IL-1f secretion was
measured. Ectopic expression of constitutively active PKB induced a
significant, 2-fold, increase in IL-13 secretion by LPS-stimulated
THP-1 cells. In the presence of both LPS and simvastatin, constitutively
active PKB also induced a significant increase in IL-1( secretion
(Figure 5B), which, considering the high levels of IL-1{ being produced
might approach a maximal level, being limited by the capacity of
caspase-1 processing. These data suggest that PKB is required, although
not sufficient, for simvastatin-mediated activation of IL-1f3 secretion.
This finding was confirmed when wild-type THP-1 cells were incubated
with a specific PKB inhibitor before simvastatin treatment (Figure 5C).
Inhibition of PKB decreased IL-1( release in a dose-dependent manner.
Taken together, these data suggest that PKB is required for simvastatin-
mediated activation of caspase-1.

The small GTPase Rac1 is activated by simvastatin treatment

In MKD patients, impairment of the isoprenoid biosynthesis
pathway induces a shortage of geranylgeranylated proteins.!> The
majority of geranylgeranylated proteins consist of small GTPases,
including proteins of the Rho family. Lack of geranylgeranylation
of the small GTPases may cause mislocalization of the protein
because they lack the proper membrane localization anchor.
Previously, it was assumed that geranylgeranylation is essential for
the functioning of G proteins and lack of this modification would
render them inactive.?® However, lack of geranylgeranylation may
actually cause an overactivity of the protein because, without the
geranylgeranyl fatty acid tail, guanine nucleotide dissociation
inhibitors (GDIs) can no longer bind and the protein can more
easily change to its active GTP-bound state.?*3 We wanted to
investigate whether small GTPases are activated by statin treatment
and may play a role in activating the PI3K/PKB signal transduction
route. A probable candidate would be the small GTPase Racl
because it was shown previously to be able to act upstream of
PI3K.3132 To determine whether Racl activity is indeed directly
affected by simvastatin treatment, we performed a pulldown assay
to establish the amount of GTP-bound, and thus activated, Racl
(Figure 6). THP-1 cells were cultured in the presence or absence of
simvastatin and cell extracts were prepared. The level of GTP-
bound Rac1 was assessed by Western blot analysis according to the
manufacturer’s protocol. THP-1 cells treated with simvastatin
contained more GTP-bound, and thus active, Racl than untreated
control cells (Figure 6A). To determine whether the increase in
GTP-bound Racl was indeed the result of an impairment of the
isoprenoid biosynthesis pathway, mevalonate was added to simva-
statin-treated cells. Mevalonate is the direct downstream product of
HMG-CoA reductase and therefore relieves the inhibition imposed
by simvastatin. Addition of mevalonate prevented the activation
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induced by simvastatin (Figure 6B). These results clearly indicate
that impairment of the isoprenoid biosynthesis pathway using
simvastatin activates the small GTPase Racl.

The small GTPase Rac1 is required for simvastatin-mediated
IL-1p secretion

To confirm the role of the small GTPase Racl in simvastatin-
mediated IL-1( release, we incubated THP-1 cells with a specific
inhibitor of Racl either before simvastatin or before LPS incuba-
tion (Figure 6C). Inhibition of Racl decreased IL-1f3 release in a
dose-dependent manner when administered before simvastatin.

BLOOD, 1 NOVEMBER 2008 - VOLUME 112, NUMBER 9

This effect was abolished when the inhibitor was added after
simvastatin but before LPS treatment. These results demonstrate
that Racl activity is required for statin-mediated enhancement of
IL-1 release.

To determine whether Racl indeed functioned upstream of both
PI3K and PKB, THP-1 cells were incubated with simvastatin in the
presence or absence of Racl inhibitor and analyzed for the
phosphorylation status of PKB (Figure 6D). As observed previ-
ously, incubation with simvastatin induced an increase in phosphor-
ylation of PKB, indicating activation. However, when cells were
pretreated with Rac1 inhibitor, activation of PKB was inhibited in a
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dose-dependent manner, illustrating that Racl indeed functions
upstream of PKB.

PI3K and Rac1 enhance IL-1pB secretion through
activation of caspase-1

Taken together, these data demonstrate that simvastatin treatment
can directly activate Racl and that Racl is required for PKB
activation and enhanced IL-1B release. To determine whether
increased IL-1f3 release is mediated via activation of caspase-1, we
measured caspase-1 p20 subunit levels in culture supernatants of
the THP-1 cells as a marker for caspase-1 activation. Active
caspase-1 has previously been shown to be localized in a lysosomal
compartment within the cell together with prolL-13. On activation,
prolL-1 is cleaved in a caspase-1-dependent manner, and both
mature IL-1( and the active caspase-1 subunits are released
extracellularly.®® In addition, we have previously shown that
simvastatin treatment alone and in combination with LPS induces
an increase in caspase-1 p20 subunit secretion in both a time- and
dose-dependent manner.'” THP-1 cells were cultured as before in
the presence or absence of either the PI3K inhibitor LY294002 or
the specific Racl inhibitor. Both caspase-1 p20 subunit and IL-13
levels in culture supernatant were determined (Figure 7). As
demonstrated previously, secretion of IL-13 was only observed
when both simvastatin and LPS were present (Figure 7A), whereas
incubation with simvastatin alone already increased the release of
caspase-1 p20 subunit, indicating activation. This release further
increased when LPS was also present (Figure 7B). As observed
previously (Figures 1B, 3C), inhibition of PI3K or Racl strongly
decreased IL-1f3 secretion, coinciding with a decrease in caspase-1
p20 subunit, both in the simvastatin-only condition as well as the
condition where both simvastatin and LPS are present (Figure 7B).
The presence of caspase-1 p20 and IL-1f in the supernatant was
not caused by a passive release resulting from cell death as
confirmed by a lactate dehydrogenase assay for cell viability
(Figure 7C). These results indicate that statin-mediated activation
of caspase-1 is dependent on Rac1/PI3K activity.

Simvastatin-induced IL-1p release by healthy and patient
PBMCs is Rac1-dependent

To confirm the primary role of Racl in simvastatin-induced IL-13
release in primary cells, we isolated PBMCs from 3 healthy
volunteers. Similar to the THP-1 cells, the isolated PBMCs were
cultured for 24 hours in the presence of simvastatin, after which
they were stimulated with LPS. One hour before simvastatin
treatment, the cells were incubated with Racl inhibitor at the
indicated concentrations. As previously observed for the THP-1
cells, statin/LPS treatment led to a dramatic increase in IL-1f
release, whereas treatment with either LPS or simvastatin alone did
not (Figure 7D). Racl inhibitor decreased this IL-1(3 release in a
dose-dependent manner, indicating that, also in primary cells,
statin-induced IL-1f3 release is Rac1-dependent.

To further confirm these findings, we wanted to establish
whether administration of the Rac1 inhibitor would also be able to
inhibit IL-1p secretion by PBMCs from MKD patients. PBMCs
were isolated from 2 MKD patients. These cells were cultured for
24 hours in the presence or absence of LPS and the Rac1 inhibitor
(Figure 7E). As expected, inhibition of Racl strongly reduced
IL-1 release by MKD PBMCs, suggesting that Rac1 is a potential
novel target for therapeutic intervention.
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Figure 6. The small GTPase Rac1 is involved in simvastatin-enhanced IL-1B
secretion. (A) THP-1 cells were serum-starved overnight and subsequently cultured
in the presence or absence of simvastatin (10 uM) for 48 hours. GTPase pulldown
fractions and cell lysates were assayed for Rac1 content. (B) Mevalonate (1 mM) was
added just before simvastatin. Actin content served as control for equal protein
loading. Vertical lines have been inserted to indicate a repositioned gel lane, within
the same gel. Shown are representative blots of at least 3 independent experiments.
(C) THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin
(10 wM) and stimulated for an additional 4 hours with 200 ng/mL LPS. Rac1 inhibitor
was added either 1 hour before simvastatin or 1 hour before LPS treatment. Release
of IL-1B was determined by ELISA; data are mean plus or minus SEM (n = 5;
*P < .01). (D) THP-1 cells were serum-starved overnight and subsequently cultured
in the presence or absence of simvastatin (10 uwM) for 48 hours. Rac1 inhibitor was
added 1 hour before simvastatin incubation. After the incubation, cells were lysed by
adding lysis buffer and assayed for phospho-PKB and total PKB content. Actin
content served as control for equal protein loading. Shown are representative blots of
at least 3 independent experiments.

Discussion

MKD is a metabolic disease, caused by a genetic defect in
isoprenoid biosynthesis.*? Since the identification of mevalonate
kinase as the affected enzyme, research has been directed toward
elucidating the molecular mechanism underlying mevalonate ki-
nase deficiency-induced inflammation. Previous studies have estab-
lished that patient PBMCs secrete very high levels of IL-1f3 on
endotoxin stimulation compared with healthy PBMCs'>!3 and that
this is thought to be caused by a lack of nonsterol isoprenoid
products, specifically of geranylgeranyl-pyrophosphate.!®13 In-
deed, we have recently shown that a shortage of geranylgeranylated
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proteins leads to activation of caspase-1, the enzyme responsible
for processing prolL-1f into the active and secreted form.'® This
suggests that an impaired isoprenoid biosynthesis pathway results
in hyperactive caspase-1. Where healthy monocytic cells would
respond to pattern-associated molecular patterns, such as LPS, or
damage-associated molecular patterns by generating intracellular
stores of prolL-13 protein,>35 cells containing hyperactive
caspase-1 would process the generated prolL-1@ protein and
release the pro-inflammatory, mature IL-1B in a dysregulated
manner. This hypothesis provides a rationale for inflammation in
mevalonate kinase deficiency: patients have hyperactive caspase-1
because of a shortage of geranylgeranylated proteins and will
inappropriately secrete IL-1(3 whenever they come into contact
with pattern-associated molecular patterns or damage-associated
molecular patterns resulting in inflammation and fever attacks.

In this study, we investigated the molecular mechanisms
underlying simvastatin-mediated activation of caspase-1. Because
of the extremely limited number of patients, we have previously
described a model using THP-1 monocytic cells to study the
disease mechanism in more detail.’® Using this model, we have
now demonstrated that PI3K and Rac1 are required for simvastatin-
mediated IL-1 secretion through regulation of caspase-1 activity
(Figures 1B, 6C, and 7B), which was confirmed in primary cells
(Figure 7D). One of the major intracellular mediators of PI3K
activation is PKB.22 Indeed, we have shown that simvastatin
activates PKB (Figure 2) and that ectopic expression of constitu-
tively active PKB significantly increases IL-1[3 secretion after LPS
challenge in the presence as well as in the absence of HMG-CoA
reductase activity (Figure 2). Furthermore, Racl activity was
shown to increase on simvastatin treatment and to act upstream of
PKB (Figure 3). We therefore propose a molecular mechanism for
IL-1@ release, in which simvastatin activates Racl, which subse-
quently activates a PI3K/PKB-dependent pathway resulting in
activation of caspase-1.

In addition to the simvastatin-mediated activation of caspase-1,
we have demonstrated that p38 MAPK and NF-kB are required for
LPS-induced IL-1f transcription (Figures 1B, 4A,C). However,
inhibition of IL-1f release by the p38 MAPK inhibitor was not
dose-dependent and p38 MAPK inhibition also resulted in a delay,
rather than complete inhibition, of IL-1[3 transcription (Figure 3),
indicating that additional factors might play a role. These data
imply that IL-1p transcription is primarily regulated by p38
MAPK, but other factors possibly contribute, or substitute for p38
MAPK when it is inhibited. Exactly which other factors might be
involved remains to be investigated.

Taken together, our data demonstrate that artificial inhibition of
the isoprenoid biosynthesis pathway leads to activation of caspase-1.
This occurs via activation of the small GTPase Rac1. Exactly how
simvastatin treatment induces activation of Racl is not entirely
clear. However, as previously described, impaired binding of GDIs
may result in more rapid switching between GDP- and GTP
binding by Racl, leading to a net increase in activity. The
importance of Racl in the processing and release of IL-1fB is
confirmed by the previous finding that Yersinia bacteria can prevent
host IL-1p release by targeting Rac1.36 The Yersinia protein YopE
is a GTPase-activating protein, which accelerates GTP hydrolysis,
thereby switching off the small GTPases Rho, Rac, and cdc42.
Macrophages infected with a YopE knockout Yersinia enterolitica
strain, so with increased GTPase activity compared with wild-type-
infected cells, released significantly higher levels of IL-1(3. Further-
more, overexpression of YopE, but not of a catalytically inactive
mutant of YopE, inhibited autoprocessing of caspase-1 as well as
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processing of prolL-1[3. These data correlate with our own findings
that increased Racl activity enhances caspase-1 processing of
pro-IL1f3.

Our data show that Racl, PI3K, and PKB mediate simvastatin-
enhanced IL-1{ secretion. PI3K has been described to serve as an
activator as well as an effector of Rac1.3738 Lipid products derived
from activated PI3K can activate guanine nucleotide-exchange
factors for Racl, thereby activating Racl, or active Racl can
regulate the activation and localization of PI3K by binding to its
p85 subunit. We demonstrated that Racl functions upstream of
PKB (Figure 6D) and that PI3K is required for phosphorylation of
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PKB (Figure 2B), suggesting the sequential activation of Racl,
PI3K, and PKB.

A major question that remains is how PKB activity can regulate
caspase-1 autoprocessing. Caspase-1 is synthesized as an inactive
zymogen of approximately 45 kDa that, via induced proximity to
another caspase-1 zymogen, can undergo autocleavage, creating
10-kDa and 20-kDa subunits. Two p10 and two p20 subunits form
the fully functional heterodimeric enzyme. Caspase-1 autoactivates
itself in a complex of proteins termed the inflammasome.*
Caspase-1 contains an N-terminal caspase recruitment domain
(CARD), which forms a homotypic interaction (CARD-CARD
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Figure 7. Rac1 regulates IL-1p release by MKD PBMCs. THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin (20 M) and stimulated for an
additional 4 hours with 200 ng/mL of LPS. Rac1 inhibitor and PI3K inhibitor were added 1 hour before simvastatin treatment. Release of IL-13 (A) and caspase-1 p20 (B) was
determined by ELISA; data are mean plus or minus SEM (n = 6 for control and PI3K inhibitor-treated samples, n = 3 for Rac1 inhibitor-treated samples, *P < .05). (C) Cell
viability was determined by a lactic dehydrogenase assay (n = 3; *P < .05). (D) PBMCs of 3 healthy controls were cultured for 24 hours in the presence or absence of
simvastatin (10 pM), followed by 24 hours of LPS stimulation (500 ng/mL). One hour before simvastatin treatment, the cells were incubated with the indicated concentrations of
Rac inhibitor. Release of IL-13 was determined by ELISA; data are mean plus or minus SEM (n = 3). (E) PBMCs of 2 patients were cultured for 24 hours in the absence or
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mean plus or minus SEM (n = 3, n = 2 for patient 2, *P < .05).
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interaction) with apoptosis-associated speck-like protein contain-
ing a CARD (ASC). This adaptor protein interacts with other
members of the inflammasome*® via similar homotypic interac-
tions, enabling oligomerization, and autocleavage of caspase-1.
Active caspase-1 is thought to colocalize with prolL-13 in
lysosomal compartments, in which processing of prolL-1 into
mature IL-1( takes place.’® Mature IL-1@ and the active caspase-1
subunits are subsequently released into the extracellular environ-
ment. Because caspase-1 is activated in a multiprotein complex,
PKB-enhanced activation of caspase-1 does not necessarily have to
involve direct interactions with caspase-1; interactions with other
members of the inflammasome could also be responsible for
enhanced activation.

A possible connection between PKB and caspase-1 activation is
the p21-activated kinase 1 (Pakl). This protein was shown to be
activated by Racl*' and can directly bind to and phosphorylate
caspase-1 on serine 376.> Although the function of caspase-1
phosphorylation remains unclear, phosphorylation of this residue
appears essential to caspase-1 activity because caspase-1 activation
was abrogated in LPS-stimulated THP-1 cells transfected with an
S376A mutant. In addition, PI3K has been demonstrated to
associate with the N-terminal regulatory domain of Pakl, leading
to Pak1 activation,** and PKB was found to phosphorylate Pak1 on
serine 21, which enables Pak1 to bind to the adaptor protein Nck.**

Possibly, PKB-mediated activation of caspase-1 involves cy-
toskeletal rearrangements. PKB has been described to bind directly
to actin via its N-terminal PH domain.*® In addition, Racl-
mediated inhibition of caspase-1 by the Yersinia protein YopE was
found to be mediated by LIM kinase-1 (LIMK1), which targets the
actin cytoskeleton.’ Indeed, overexpression of constitutive-active
LIMK1 promoted activation of caspase-1, whereas dominant-
negative LIMKI1 could abrogate Racl-induced activation of
caspase-1, suggesting that Racl-mediated phosphorylation of the
actin cytoskeleton is necessary for caspase-1 activation. A potential
role for cytoskeletal rearrangements in activation of caspase-1 is
also suggested by the molecular mechanism underlying Familial
Mediterranean Fever and PAPA syndrome. These 2 autoinflamma-
tory syndromes are strongly related to mevalonate kinase defi-
ciency, with very similar symptoms and also thought to be caused
by inappropriate release of IL-1[.447 PAPA syndrome is caused by
mutations in the cytoskeleton-organizing protein PSTPIP1. PST-
PIP1 can activate the actin-binding protein pyrin, which is the
protein affected in Familial Mediterranean Fever. Mutations of
both PSTPIPI and pyrin were shown to facilitate the assembly of
multiprotein complexes capable of activating caspase-1. However,
a defined role for cytoskeletal rearrangements in activation of
caspase-1 requires further research.
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The data described in this study demonstrate that simvastatin-
mediated IL-13 release is mediated via a Racl/PI3K/PKB-
dependent signal transduction pathway. Whether this signal trans-
duction pathway is also involved in other (auto)inflammatory
disorders remains to be investigated. However, the fact that
spontaneous activation of caspase-1 seems to be a common
mechanism of inflammation suggests that similar pathways may be
involved. Currently, treatment of MKD consists mostly of nonste-
roidal anti-inflammatory drugs, and more recently cytokine-
targeted therapies have been tried (anti-tumor necrosis factor-a and
IL-1 receptor antagonist) with various success. These therapies are,
however, very costly and do not benefit all patients. The data
presented in this study identify Racl as a possible new target for
MKD therapy (Figure 7D). Interestingly, Rac inhibitors are
currently under investigation for use in cancer therapy. Espe-
cially, the development of a novel compound that targets a Rac
specific guanine nucleotide-exchange factor (NSC23766) ap-
pears promising as a Rac specific small molecule inhibitor. This
compound was shown to suppress proliferation and the invasive
phenotype of prostate tumor cells*® and could effectively block
Rac GTPase activity after intraperitoneal administration to
laboratory mice.* Other approaches for targeted inhibition of
Rac1 include inhibition of Rac effector binding and stabilization
of Rac-RhoGDI complexes.

In conclusion, our data demonstrate that inhibition of Racl can
strongly reduce IL-1(3 release by THP-1 cells and healthy and
MKD PBMCs through inhibition of caspase-1 activation. These
data suggest that Racl inhibition may provide a novel therapeutic
strategy for the treatment of MKD.
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