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Cover Illustration: An eruption of the Stromboli volcano. 
Strombolian eruptions (named after this Italian vulcan0) typically involve many small 
explosions that occur in short, regular bursts. These bursts are caused by the sudden 
release of bubbles of volcanic gas as the magma rises to the surface.
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Abbreviations 
 
ATP    adenosine triphosphate 
Bp    base pair 
CIAS1    cold induced autoinflammatory syndrome 
CINCA chronic infantile neurological cutaneous and articular 

syndrome 
CoA    coenzyme A 
FCAS    familial cold autoinflammatory syndrome 
FMF    familial mediterranean fever 
ER    Endoplasmic Reticulum 
FCS    Fetal calf serum 
FPP    Farnesylpyrophosphate 
GPP    geranylpyrophosphate 
GGPP    Geranylgeranylpyrophosphate 
HIDS    Hyper-IgD and periodic fever syndrome 
HMG-CoA   3-hydroxy-3-methylglutaryl-CoA 
IFN    Interferon 
IgD    Immunoglobulin D 
IL    Interleukin 
LPS    Lipopolysaccharide 
MA    Mevalonic Aciduria 
MEFV    Mediterranean fever    

MIM    mendelian inheritance in man 
MK    Mevalonate kinase 
MKD    Mevalonate kinase deficiency 
MVK    the gene encoding MK 
MWS    Muckle-Wells syndrome 
NOMID neonatal onset multisystemic inflammatory disease 
PBMC    peripheral blood mononuclear cell 
PBS    phosphate buffered saline 
PCR    polymerase chain reaction 
SRE    sterol regulatory element 
SREBP    sterol regulatory element binding protein 
TNF    tumor necrosis factor 
TRAPS    TNF-receptor associated periodic syndrome 
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The isoprenoid/ cholesterol biosynthesis pathway 
 
Isoprenoids are a class of biomolecules that function in a wide variety of cellular 
processes. These include among others; 1) the side chains of heme A and ubiquinone-
10, both involved in electron transport in the mitochondrial respiratory chain, 2) 
dolichol, involved in N-linked protein glycosylation, 3) isopentenyl tRNA, used in 
protein translation and 4) the farnesyl and geranylgeranylation moieties of 
isoprenylated proteins that are involved in cell proliferation and differentiation (1). In 
addition to the synthesis of these nonsterol compounds, the isoprenoid biosynthetic 
pathway also produces sterol isoprenoids such as cholesterol. Cholesterol is an 
important structural component of cellular membranes and myelin, precursor of 
oxysterols, steroid hormones and bile acids, and plays an important role in human 
embryogenesis and development (2).  
 
Isoprenoid biosynthetis starts with 3 acetyl-CoAs, which in two enzymatic steps are 
converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)(figure 1). The reduction 
of HMG-CoA is catalyzed by the rate-limiting enzyme of the pathway, HMG-CoA 
reductase and yields mevalonate. Subsequently, mevalonate is phosphorylated twice, 
which produces mevalonate-5-pyrophosphate. This compound is decarboxylated into 
isopentenyl pyrophosphate (IPP, C5 unit). This 5-carbon unit is used for the synthesis 
of all isoprenoid end products including some tRNAs in which IPP is added to 
adenosine. IPP is isomerized into dimethylallyl pyrophosphate (DMAPP) followed by 
a head-to-tail condensation of IPP to DMAPP to form geranylpyrophosphate (GPP, 
C10 unit). Addition of another IPP gives farnesyl pyrophosphate (FPP, C15 unit), 
which is the branchpoint metabolite of the pathway and the precursor for almost all 
isoprenoids. Addition of again IPP to FPP produces geranylgeranylpyrophosphate 
(GGPP, C20 unit) that can either be used directly for geranylgeranylation of proteins 
or is further elongated to nonaprenyl or decaprenylpyrophosphate. The latter is used 
for the biosynthesis of ubiquinone-10. FPP is also the substrate for the synthesis of 
dehydrodolichol pyrophosphate. The enzymes responsible for isoprenoid addition to 
proteins comprise three distinct protein prenyltransferases classified in two 
functional classes: the CAAX prenyltransferases, including protein farnesyltransferase 
(FTase) and protein geranylgeranyltransferase type I (GGTase-I), and the Rab 
geranylgeranyltransferase or protein geranylgeranyltransferase type II (GGTase-II). 
FTase and GGTase-I are designated CAAX prenyltransferases because they recognize 
their protein substrates by their C-terminal CAAX sequence. Substrates for FTase 
include Ras GTPases, lamin B and transducin γ subunits, whereas substrates for 
GGTase-I include Rho, Rac and most γ-subunits of heterotrimeric G proteins. 
GGTase-II attaches geranylgeranyl groups to two C-terminal cysteines in GTPases of 
the Rab family, which have C-terminal Cys-Cys (CC) or Cys-X-Cys (CXC) motifs (3).  
The conversion of two FPP molecules into squalene is the first reaction exclusively 
committed to the synthesis of sterol endproducts. This reaction is catalyzed by 
squalene synthase and is followed by the condensation of squalene to yield lanosterol. 
For the generation of C27 cholesterol from lanosterol, a series of at least 8 different 
enzyme reactions is required. These include one methylation at C14 and two 
demethylations at C4, three reductions of the ∆14, ∆7 and ∆24 double bonds, one 
isomerization of ∆8 to ∆7 and one desaturation between C-5 and C-6. Because most of 
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the cholesterogenic enzymes are rather non-specific and can handle various 
intermediates, their sequence may vary dependent on the tissue in which they occur. 
Consequently, two major routes involving the same enzymes are proposed, which, 
depending on the timing of the reduction of ∆24 double bond, postulate either 7-
dehydrocholesterol or desmosterol as the ultimate precursor for cholesterol (4). 
 
 
 

 
 
Figure 1: The isoprenoid biosynthesis pathway. 
Schematic overview of the isoprenoid biosynthesis pathway, indicating the enzyme mevalonate kinase, 
which is deficient in MKD. 
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Mevalonate kinase 
 
Mevalonate kinase (MK) is the first enzyme to follow the highly regulated HMG-CoA 
reductase and catalyzes the phosphorylation of mevalonate to produce 
phosphomevalonate. In 1956, mevalonate was reported for the first time to be 
important in the biosynthesis of cholesterol (5). This intermediate was biologically 
active in its  R-enantiomer isoform and it required cofactors as adenosine 
triphosphate (ATP), Mg2+ or Mn2+ and reduced pyridine nucleotides for the 
conversion to squalene (6;7). The need for ATP suggested the formation of a 
phosphorylated intermediate, which was later confirmed by the identification of 5-
phosphomevalonate as the first product of the phosphorylation of mevalonate 
catalyzed by the enzyme accordingly called MK (8).  
Kinetic analysis of the phosphorylation of mevalonate by MK has shown that first 
mevalonate associates with the enzyme, followed by the addition of MgATP. 5-
Phosphomevalonate is released as first and ADP as second product (9). 
  
Regulation of the isoprenoid biosynthesis pathway 
 
To ensure a constant production of non-sterol isoprenoids and to avoid 
overaccumulation of endproducts such as cholesterol, the isoprenoid biosynthesis is 
tightly regulated. HMG-CoA reductase is the rate-limiting enzyme of the isoprenoid 
biosynthesis pathway and thus plays a central role in this regulation, which is 
controlled by multiple mechanisms. At the transcription level, a feedback mechanism 
in response to sterol levels is mediated by sterol regulatory element binding proteins 
(SREBPs). Mammalian cells express three isoforms of SREBP: SREBP-1a, -1c and 2. 
SREBP-1a-and –1c are produced from the same gene through alternative splicing. 
Each SREBP consist of an N-terminal transcription factor domain, a middle domain 
containing two hydrophobic transmembrane segments and a C-terminal regulatory 
domain (10). The two membrane-spanning helices anchor SREBPs in the membranes 
of the endoplasmatic reticulum (ER) and nuclear envelop (11) where they are tightly 
associated with the SREBP-cleavage-activating protein (SCAP). 
Retention in the ER of the SREBP-SCAP complex requires interaction between the 
sterol sensing domain of SCAP and Insig-1 or -2, two membrane proteins of the ER 
(12-14). In the absence of sterols, SCAP and the Insig proteins do not interact and the 
SREBP-SCAP complex will be packaged into COPII vesicles and travel to the Golgi 
apparatus. In this compartment the N-terminal transcription factor domain of SREBP 
is released by two subsequent cleavages by the proteases called Site-1 and Site-2 
protease (S1P and S2P) (15;16). The domain will then translocate to the nucleus where 
it activates transcription by binding to sterol regulatory elements in the promoter/ 
enhancer regions of multiple target genes, including HMG-CoA reductase, the LDL 
receptor gene (which supplies cholesterol through receptor-mediated endocytosis) as 
well as many other genes involved in isoprenoid/ cholesterol biosynthesis (17;18).  
HMG-CoA reductase is also embedded in the ER membrane and contains a sterol-
sensing domain. In the presence of cholesterol this domain binds one of the Insigs 
whereupon HMG-CoA reductase is ubiquinated and degraded (19).  The degradation 
rate is not only governed by sterol isoprenoids but can also be accelerated by non 
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sterol isoprenoid, including derivaties of farnesyl pyrophosphate (e.g. farnesol) and 
geranylgeranylpyrophosphate (19-21).  
The translation rate of HMG CoA reductase is dictated by the cells’ demand for non-
sterol isoprenoids. When mevalonate production is inhibited by blocking HMG-CoA 
reductase with statins , the translation of HMG-CoA reductase mRNA is efficiently 
even in the presence of sterols. But when also the non-sterol requirements are 
satisfied by the addition of mevalonate, the translation rate reduces five-fold (22). 
HMG CoA reductase catalytic activity can also be regulated by the cellular energy state 
(ATP/ AMP ratio). ATP depletion and consequently AMP rise cause the activation of 
the AMP-dependent kinase which in its turn decreases HMG CoA reductase activity 
via phosphorylation (23). 
 

Regulation of MK 
 
MK is one of the enzymes of the isoprenoid biosynthesis pathway that can be 
upregulated by SREBPs. The promoter region of the MVK gene, which encodes MK, 
contains two Sp1-binding sites and an SRE. Sp-1 binding sites are the targets for the 
general transcription factor Sp1, whereas SREs enhance transcription by binding of 
SREBPs. The SRE in the MVK promoter has a 7/8 base pair match to the consensus 
sequence identified in the promoter of the HMG-CoA synthase, HMG-CoA reductase 
and the LDL receptor gene (24). Both MK and HMG-CoA reductase activity can be 
increased by inhibition of HMG-CoA reductase by statins although HMG-CoA 
reductase activity is induced 15-fold higher than MK activity. HMG-CoA reductase 
acts as the rate-limiting enzyme in this case although the rate-limiting step can shift 
to the MK when the MK enzyme is deficient, which is the case in patients with the 
metabolic defect mevalonate kinase deficiency. The mutated MVK gene in these 
patients still responds to feedback regulation by SREBPs ((25), chapter 2).  
 
Localization of the isoprenoid biosynthesis pathway 
 
Isopenoid biosynthesis takes place in the ER and cytosol. Enzymes with soluble 
substrates (i.e. enzymes in the pre-squalene part of the pathway) reside in the cytosol 
whereas the enzymes handling lipophilic substrates (post-squalene/ cholesterogenic) 
are present in the ER membrane. The only exception to this is HMG-CoA reductase, 
which is an integral membrane protein of the ER, but has its catalytic domain 
localized in the cytosol (1). In addition, few of the post-squalene enzymes are also 
found in the nuclear membrane. Since the beginning of the eighties, several reports 
have appeared postulating a peroxisomal localization of the enzymes involved in the 
pre-squalene part of the pathway (reviewed in (26)). More recent studies have 
questioned the experimental approaches upon which this postulation was based 
(1;26-28). Experiments towards subcellular localization of endogenous proteins, 
which were performed under physiological conditions, revealed that there is little, if 
any, evidence for a direct role of peroxisomes in isoprenoid biosynthesis (27;29;30) 
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Localization of MK 
 
The amino acid sequence of MK harbours an N-terminal stretch, which shares 
similarity with the consensus sequence of the peroxisomal targeting sequence type 2 
(PTS2) and which has been implicated to be involved in peroxisomal targeting of MK 
via PTS2 receptor protein PEX7 (31). However, Ghys et al could not confirm a 
physical interaction between MK and PEX7; the human PTS2 receptor was not 
retained by Ni-NTA resin loaded with (His)6-MK (32). Moreover, also no interaction 
between the two proteins was observed in a yeast two hybrid system (27). Recent data 
provide strong evidence for a cytosolic localization of MK rather than a peroxisomal 
localization (27). 
 

Disorders of the isoprenoid biosynthesis pathway 
 
The identification of a number of inherited disorders due to a defect in cholesterol 
biosynthesis has made clear that cholesterol plays a crucial role in human 
embryogenesis and development. Patients afflicted with these disorders are 
characterized by multiple morphogenic and congenital anomalies including internal 
organ, skeletal and/or skin abnormalities. Although the genetic causes underlying 
these defects are known, the etiology of the pathophysiology associated with the 
defects remains unclear and may involve multiple affected processes due to the 
lowered cholesterol and/or elevated levels of intermediate sterol precursors.  

Most common defect of the cholesterol biosynthesis is the autosomal recessive Smith-
Lemli-Opitz syndrome (SLOS; MIM 270400) (33), a multiple malformation syndrome 
caused by 3β-hydroxysterol ∆7-reductase deficiency (34). Desmosterolosis (MIM 
602398) is a very rare autosomal recessive disorder of cholesterol biosynthesis for 
which only two patients are described who had similar clinical presentations as 
patients with SLOS (35;36). In both patients, mutations were found in the gene 
encoding 3β-hydroxy ∆24-reductase (37). In 2002, two patients with lathosterolosis 
(MIM 607330) were described, which is due to mutations in the gene coding for 3β-
hydroxysterol ∆5-desaturase (38).  
The two X linked dominant inherited disorders of cholesterol biosynthesis Conradi-
Hünermann-Happle syndrome (CDPX2; MIM 302960) and CHILD syndrome (MIM 
308050) are caused by deficiencies of sterol ∆8-∆7 isomerase  (39;40) and/or a sterol 
C-4 demethylase (41), respectively due to mutations in the encoding genes. Patients 
with CDPX2 or CHILD syndrome have similar presentations, including skeletal and 
skin abnormalities, among which chondrodysplasia punctata (epiphysic stippling), 
shortening of long bones, ichtyosis and hyperkeratosis. Autosomal recessive 
Greenberg skeletal dysplasia (MIM 215140), also known as HEM skeletal dysplasia, is 
rare severe cholesterol biosynthesis defect that leads to early in utero lethality. The 
defect is due to mutations in the LBR gene causing a deficiency of the lamin B 
receptor (42), which functions as the 3β-hydroxysterol ∆14-reductase. Heterozygosity 
for a mutation in the lamin B receptor gene results in autosomal recessive Pelger-
Huet anomaly (MIM 169400), a rare benign autosomal dominant disorder of 
leukocyte development characterized by hypolobulated nuclei and abnormal 
chromatin structure in granulocytes of heterozygous individuals (43).  
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Other disorders affect the biosynthesis of heme A and ubiquinone-10 and cause 
respiratory chain defiencies (44;45). 
Mevalonate kinase deficiency (MKD) is the only disorder that affects the biosynthesis 
of all isoprenoids since mevalonate kinase (MK) functions in the pre-squalene part of 
the pathway. Because MKD is the subject of this thesis, it will be discussed in more 
detail in the following paragraph. 
 

MKD 
 
Originally, two distinct syndromes were defined to be caused by a deficiency of MK; 
classic mevalonic aciduria (MA, MIM 251170) (46) and the 
hyperimmunoglobulinemia D and periodic fever syndrome  (HIDS, MIM 260920) 
(47). After the discovery that both disorders are caused by a deficiency of the same 
enzyme (48;49), due to mutations in the encoding MVK gene (MIM 251170), they are 
now recognized as the severe and mild ends of the MKD spectrum (50). Patients with 
the relatively mild HIDS phenotype suffer from recurrent episodes of fever, which 
often begin in the first year of life and occur every 3 to 6 weeks. The duration of those 
episodes varies between 2 to 7 days, most commonly 3 to 4 days. Fever rises abruptly, 
often above 40 °C, and the temperature then gradually returns to normal. The attacks 
can be precipitated by infections, minor trauma, childhood immunizations or physical 
and emotional stress, but usually occur with no clear precipitating event (51). The 
fever episodes are accompanied by malaise, headache, chills, sore throat, nasal 
congestion, arthralgia, arthritis, abdominal pain, diarrhea, vomiting, skin rash, 
hepatoplenomegaly and lymphadenopathy (51;52). 
Patients with the severe MA phenotype experience similar fever episodes and present 
with additional symptoms such as developmental delay, dysmorphic features, 
cataracts, psychomotor retardation, hypotonia, myopathy and ataxia (53). Several 
severely affected patients died during a febrile crisis. 
The majority of currently identified MKD patients with the HIDS presentation 
originate from the Netherlands. This may be a result of a heightened awareness of the 
disorder in the Netherlands and the inclusion of a specific laboratory test for IgD 
levels (one of the diagnostic hallmarks of HIDS) in Dutch patients with fever but can 
also partly be explained by a founder effect (54). In the Netherlands the carrier 
frequency of the most common HIDS mutation is estimated to be 1:350. 
 
IgD 
At first, all HIDS patients reported had constitutively raised serum IgD levels, usually 
accompanied with high levels of IgA (subclass IgA1). HIDS derived its name from this 
observation in 1984 (47). More recently, however, elevated levels of IgD and IgA have 
also been reported in MA (55;56) and some patients with other autoinflammatory 
diseases  such as FMF (57), and TRAPS (58;59). Moreover, MKD patients with the 
HIDS phenotype, deficient MK activity and MVK mutations have been reported, who 
have normal IgD levels (49;60;61). These findings and the fact that no correlation 
between IgD concentration and disease severity is observed (47), make it unlikely that 
IgD plays a major role in the pathogenesis of MKD. Although IgD levels can be used 
as diagnostic hallmark, it remains necessary to perform MK enzyme activity 
measurements and/ or mutation analysis of the MVK gene to establish the diagnosis.  
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Blood 
When MKD patients experience a fever attack , a acute phase response is observed 
including leukocytosis, granulocytosis, increased erythrocyte sedimentation rates 
(ESR), high levels of serum amyloid A (SAA), C-reactive protein (CRP) , fibrogen, 
soluble type II phospholipase A2 and α1-glycoprotein (AGP) (51). The concentration of 
AGP is increased during attacks as well as between attacks, indicating a persistent 
state of inflammation (62). Activation of the cytokine network also occurs during the 
febrile episodes (63). 
 
Cytokines 
During febrile attacks, serum IFN-γ and IL-6 levels have been reported to rise sharply 
and TNF-α concentration increases until high normal. IL-1α and β levels are not 
elevated in serum of MKD patients during febrile attacks (63). The anti-inflammatory 
cytokines IL-1ra and soluble TNFR p55/ p75 increase during attacks whereas IL-10 
levels remained normal. The fact that no or only minor elevations of the 
proinflammatory cytokines TNF-α and IL-1β could be detected during attacks, does 
not exclude a role of these cytokines in the onset of attacks. Due to the delay between 
the onset of an attack and sampling, the possible rise in TNF-α and IL-1β levels could 
have been disappeared by the time of sampling. 
In whole blood culture of blood obtained from MKD patients between attacks, IL-1β, 
IL-1ra and IL-6 levels did not change, but TNF-α concentrations are elevated. When 
blood was obtained during attacks, IL-1β and IL-6 levels remained unchanged but IL-
1ra concentrations were increased. After stimulation with LPS, IL-1β was elevated in 
the whole blood cultures when blood was drawn during an attack. Between attacks, 
unstimulated isolated peripheral mononuclear cells (PBMCs) from HIDS patients 
produce significantly more IL-1β, IL-6 and TNF-α compared to control PBMCs and 
these cytokines rise further upon stimulation with LPS (64), suggesting in vivo 
priming of the monocytes/ macrophages. 
 
Biochemistry 
In patients with the HIDS presentation a residual MK activity of upto 10 % can be 
measured in cultured skin fibroblasts and PBMCs when compared to healthy control 
subjects, while in the severe MA presentation the MK activity is below detection 
levels. This difference in residual enzyme activity is also reflected in the plasma levels 
of the accumulating MK substrate, mevalonate (or mevalonic acid), which are 
moderately elevated in HIDS patients (ranging from 0.8-4.8 µmol/L) but can be 
massive in MA patients (up to a maximum of 500 µmol/L). In healthy control subjects 
these levels are typically below 0.03 µmol/L. Also the excretion of mevalonate in urine 
differs markedly between the two phenotypes. MA is characterized by a massive and 
constitutive excretion (1-56 mol/mol creatinine). In HIDS the excretion is moderate 
(0.005-0.040 mol/mol creatinine) and detectable more readily during febrile attacks 
(49). Excretion in HIDS patients is at least 5-fold higher than control levels between 
fever episodes and increases up to 100- to 500 fold during febrile attacks (65). In 
control subjects the excretion of mevalonate in urine is usually less than 0.001 mol/ 
mol creatinine. Despite this marked difference in residual MK activity and 
accumulating levels of mevalonic acid, patients with the two presentations experience 
similar inflammatory episodes (53;66) suggesting that mevalonate itself has no effect 
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on the inflammatory response. In fact, increased intracellular mevalonate levels 
appear to be necessary to maintain the flux through (impaired) isoprenoid 
biosynthesis pathway. MA and HIDS cells compensate for the reduced MK activity by 
elevating their intracellular mevalonate levels through increasing HMG-CoA 
reductase activity (67). The increased HMG-CoA reductase activity was 
downregulated when MKD cells were incubated with the isoprenoid precursors 
farnesol (FOH), geranylgeraniol (GGOH) or mevalonate. Failure of this compensatory 
mechanism might lead to inflammation as suggested by the severe inflammatory 
crises provoked by lovastatin treatment of two MA patients in an attempt to lower the 
mevalonic acid levels in these patients (53). Under normal conditions, the elevated 
mevalonate levels and increased HMG-CoA reductase activity compensate for the MK 
deficiency and the flux through the isoprenoid pathway in MKD patients will be 
sufficiently high for most cellular processes requiring isoprenoids (68). However, any 
small increase in body temperature will result in a rapid decrease in residual MK 
activity, due to the deleterious, temperature-sensitive effect on MK protein 
maturation and stability of most mutations found in these patients (see below, 
(50;68)), which will lead to a rather instant disturbance of the flux through the 
pathway and, as a consequence, a temporary shortage of end products followed by 
inflammation and fever (68). This could provide an explanation for the episodic 
nature of the fever episodes in MKD. 
 
The molecular background of MKD 
Since the discovery of the molecular defect underlying HIDS (48;49) and MA (69) and 
the subsequent elucidation of the genomic structure of the MVK gene at chromosome 
12q24 (70), many disease-causing mutations have been identified both at the cDNA 
and the genomic level. These include mostly missense mutations but also nonsense 
mutations, deletions, insertions, splicing defects and a complex mutation comprising 
a combination of a deletion and an insertion. In addition to these pathogenic 
mutations, several polymorphisms have been identified in the MVK gene (chapter 2). 
The most common mutation in MKD is the c.1129G>A transition, which changes the 
valine at position 377 into an isoleucine (V377I). This mutation is exclusively 
associated with the HIDS phenotype and in fact is found in compound heterozygous 
state in the vast majority of patients with the HIDS phenotype. The A148T, N205D, 
P167L and T209A mutations also result in the HIDS phenotype and residual MK 
activities in MKD patients (chapter 2, (48;49;53;70;71)).   
The disease-causing nature of the identified mutations was concluded from the fact 
that they all were found in patients clinically suspected to suffer from MK deficiency, 
whereas none of the mutations were found in control chromosomes. Moreover, most 
mutations were associated with marked deficient MK activities in cells of the patients. 
Several of the mutations have been expressed previously in Escherichia coli and were 
confirmed to have a deleterious effect on MK activity (49;72). 
Most of the mutations in MKD affect stability and/ or folding of MK protein rather 
than affecting the catalytic properties of the enzyme. Mutations found in patients with 
the MA phenotype, however, have a more deleterious effect on MK protein folding 
and/or a direct effect on catalytic activity of the enzyme (chapter 2). Indeed, this latter 
has been demonstrated for the A334T mutation, which is located in a region of the 
MK protein involved in the binding of its substrate mevalonate. As a consequence of 
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the A334T change, the Km for mevalonate has increased 30-fold (73), which means 
that the enzyme is still catalytically active but requires far more mevalonate than 
normally used in the enzyme activity assay to be measured accurately.  
For MKD we found a rather good genotype-phenotype correlation. This is true for 
both the clinical phenotype and the biochemical phenotype, in particular the residual 
MK enzyme activity in cells from patients. Indeed, the measurement of MK activity in 
patient cells appears more informative than predicting the effect of a certain mutation 
on the basis of the crystal structure of MK (74), since, based on this structure, the 
common V377I mutation was postulated not to have any significant effect on the 
structure and activity of MK (75). 
 
Treatment 
There are currently no established therapies for MKD. Cortocosteroids, colchicines, 
intravenous immune globulin or cyclosporine alleviate symptoms in some patients 
but none of these treatments is effective in the majority of patients (51). Moreover, the 
long-term use of corticosteroids in childhood has too many adverse side effects to 
justify their use as maintenance treatment to prevent attacks.  
Simon et al. reported the outcome of simvastatin treatment of 6 patients with the 
HIDS phenotype, which led to shorter periods of fever in most patients. However, 
lovastatin treatment of two MA patients provoked severe inflammatory crises (53). 
A pilot of etanercept (a recombinant p75 TNF receptor: Fc fusion protein) showed 
substantial symptomatic improvement in two children with HIDS (61), but recently a 
third patient was reported who did not respond to etanercept (76). In a clinical trial, 
thalidomide (an inhibitor of TNF-α production) did not show an effect on disease 
activity in HIDS patients (77).  
More recently, treatment with the recombinant form of IL-1 receptor antagonist (IL-
1Ra) anakinra was shown to be effective in relieving the symptoms in MKD patients 
(78-81). 
 
Other autoinflammatory diseases 
 
MKD is one of the hereditary periodic fever syndromes, a group of disorders 
characterized by noninfectieus recurrent inflammatory episodes with fever, 
accompanied by abdominal pain, diarrhea, skin rash or arthralgia.  The hereditary 
periodic fevers include besides MKD, familial Mediterranean fever (FMF), tumor 
necrosis factor (TNF) receptor associated periodic syndrome (TRAPS), familial cold 
autoinflammatory syndrome (FCAS), Muckle Wells Syndrome (MWS) and neonatal-
onset multisystem inflammatory disease (NOMID)/ chronic infantile neurologic 
cutaneous and arthropathy (CINCA) syndrome. They differ from autoimmune 
diseases in lacking high titer autoantibodies or antigen specific T cells and are 
therefore also called autoinflammatory diseases (82). 
 
FMF 
This autosomal recessive disorder is the most prevalent autoinflammatory disease, 
originates from the Mediterranean basin and is most common amongst people from 
Arab, Turkish, Armenian and Sephardic Jewish ancestry. FMF is characterized by 
relatively short episodes of high fever accompanied by arthritis, erythematous rash, 
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pleuritis and severe abdominal pain due to serositis. Amyloidosis is a common 
complication of FMF, which leads, if left untreated, to renal failure (83). Treatment 
with daily oral colchicine prevents both the attacks (in most patients) and amyloidosis 
(84). 
FMF is caused by mutations in the MEFV (MEditerranean FeVer) gene (85;86) 
encoding a protein called pyrin (also known as marenostrin). The pyrin domain (PYD) 
of this protein is a member of the death domain super fold family (87;88) and has 
homology with death domain (DD), death effector domain (DED) and caspase 
recruitment domain (CARD) subfamilies. All these domains participate in homotypic 
protein-protein interactions and are found in several proteins involved in the 
regulation of inflammation and apoptosis. Pyrin binds specifically to other proteins 
containing a pyrin domain including ASC (abbreviation for apoptosis associated 
speck-like protein containing a CARD). ASC has an N-terminal PYD and its C-
terminal end encodes a CARD. The interaction of pyrin and ASC influences the 
activation of IL-1β, although the role of pyrin in the IL-1β pathway remains 
controversial. One hypothesis claims an inhibitory effect of pyrin on IL-1β activation. 
By binding to ASC and (pro-)caspase-1, pyrin would prevent them from being 
incorporated into the cryopyrin inflammasome, a complex that can activate IL-1β 
(89;90). This binding would be defective/ compromised when pyrin is mutated, 
which then would lead to activation of IL-1β, causing the inflammatory phenotype in 
FMF. 
In contrast, Yu et al. postulated a proinflammatory effect of pyrin (91). In their 
hypothesis, pyrin assemble an inflammasome complex with ASC and caspase-1 
leading to ASC oligomerization, caspase-1 activation and IL-1β processing. The 
assembly is supposed to occur after the binding of pathogens to the C-terminal 
domain of pyrin (91). FMF-associated mutations would increase the binding of 
pathogens which then leads to increased inflammation in FMF.  
In addition to these two hypothesis, there are also reports that claim that pyrin plays a 
role in regulating transcription factor NF-κB and apoptosis, however, the reported 
effects vary from inhibition to activation to no effect at all (91-94).  
 
Cryopyrinopathies 
FCAS, MWS and NOMID/ CINCA are three clinically distinct, dominantly inherited 
syndromes (‘the cryopyrinopathies’), which, however, are caused by mutations in the 
same gene, CIAS1, which encodes the protein cryopyrin (also referred to as NALP3, 
PYPAF1 or CATERPILLER 1.1) (95-97). FCAS is at the mild end of the clinical 
spectrum and is characterized by recurrent fever episodes with urticaria-like rash and 
polyarthralgia (98;99). Typically, these episodes are precipitated by exposure to the 
cold and last about 12-24 hours. In MWS the same rash occurs during the fever 
episodes as well as arthralgia, malaise, limb pain, and at times, abdominal pain and 
conjunctivis (100). The duration of attacks is 2-3 days. Patients with MWS may also 
develop sensorineural hearing loss and/ or systemic amyloid A (AA) amyloidosis. In 
the most severe cryopyrinopathy, NOMID/ CINCA, patients suffer from arthropathy, 
chronic aseptic meningitis, intellectual impairment and loss of vision in addition of 
the symptoms described for MWS patients (101). Eosinophilia or coagulapathy also 
occurs in some NOMID/ CINCA patients. Symptoms are continuously present but 
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fluctuate in severity. Overlapping forms of these clinical symptoms can be found 
between en within families (95). 
Cryopyrin contains a pyrin domain (PYD), which interacts with ASC via PYD-PYD 
interactions. Together with caspase-1 and Cardinal (a CARD-containing protein), 
cryopyrin and ASC form the macromolecule complex called the cryopyrin 
inflammasome (102;103). This complex mediates caspase-1 activity, which is required 
to produce active IL-1β. Mutated cryopyrin activates the inflammasome, consequently 
leading to excessive amounts of mature IL-1β. Treatment of cryopyrinopathies 
therefore focusses on the reduction of IL-1β effect by IL-1 receptor antagonist 
anakinra. This treatment appeared to be successful in all three clinical syndromes 
(104-106). 
 
TRAPS 
TRAPS in an autosomal dominant disorder resulting from mutations in TNFSF1A 
gene, which encodes the 55-kDa receptor for TNF or type 1 TNF receptor 
(TNFR1)(107). This receptor is the major receptor for TNF-α induced signalling (108). 
TRAPS patients suffer their first attacks during childhood or adolescence. Fever 
episodes are accompanied by abdominal pain, pleurisy, periorbital edema, arthralgia, 
arthritis and scrotal pain. The duration of attacks varies between 1 to 2 days, weeks or 
may even be continuous with fluctuating severity.  
Activation of TNFR1 causes cleavage and shedding of its extracellular part, the soluble 
TNFR1, which can act as a TNF-α inhibitor by binding free TNF-α. Originally, studies 
indicated that mutations in the TNFSF1A gene lead to decreased shedding of TNFR1 
(107). This could result in increased TNF-α signalling, which could explain the 
autoinflammatory phenotype of TRAPS patients. However, it can not explain the 
pathophysiology of all TRAPS patients since not all TNFR mutations result in 
defective shedding of p55TNFR (82;109-112). 
Recent studies have indicated that some TNFR1 mutants are inefficiently expressed 
on the cell surface (111;113). This suggests that mutant TNFR1 proteins are misfolded 
and retain in the ER. These mutant TNFR proteins can form aggregates leading to 
TNF-independent signalling (114;115) or can result in an ER stress response which 
can lead to NF-κB activation and the induction of proinflammatory cytokines (114). 
Treatment of TRAPS concentrates on inhibition of TNF by etanercept, a recombinant 
fusion protein of p75, the TNF receptor and the immunoglobulin fragment Fc (82) or 
infliximab, a humanized antiTNF antibody (116). In some TRAPS patients anti-TNF 
agent are rather ineffective which can be explained by TNF independent signalling 
due to abnormally retained TRAPS mutant TNFR1. Therapies directed at inhibiting 
expression, promoting degradation, or aiding correct folding of the mutant receptors 
may be additional targets for therapy in TRAPS. Also blocking downstream 
proinflammatory cytokines such as IL-1β might prove to be beneficial (117). 
 

IL-1β 
 

IL-1β is initially synthesized as an inactive 31 kDa precursor molecule (proIL-1β), and 
has to be proteolytically processed to become the active mature 17 kDa form (118;119). 
The synthesis, processing and release of mature IL-1β are tightly regulated events 
(120) and multiple signaling pathways are involved in the transcriptional 
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upregulation of proIL-1β, including pathways triggered by IL-1β itself, by other 
inflammatory cytokines such as TNF, or by various Toll-like receptor (TLR) ligands 
such as lipopolysaccharide (LPS) (121). The conversion of proIL-1β into the active 
mature 17 kDa IL-1β form requires the cleaving by the IL-1β converting enzyme (ICE, 
also known as caspase-1).  
Caspase-1 is initially synthesized as an inactive 45 kDa precursor molecule (122). 
Procaspase-1 has to be converted into its active form through proteolysis at aspartic 
residues. The active form is composed of a 10 kDa and a 20 kDa subunit forming a 
heterodimer (122-124). A model for the activation of procaspase-1 is the so-called 
inflammasome (103). This complex comprises multiple monomers of caspase-1, 
caspase-5, ASC and NALP-1 (Nacht, LRR and Pyrin-domain containing protein 1). 
ASC can bind to caspase-1 via a CARD-CARD interaction (103;125-127), which brings 
caspase-1 and caspase-5 in close proximity leading to their cross-activation. Other 
members of the NALP family like NALP3/ cryopyrin are also able to form 
inflammasomes that can activate caspase-1 (102;128). Active caspase-1 converts 
proIL-1β into mature IL-1β, which is then rapidly secreted. Processing and release are 
closely linked. Activation of the nucleotide P2X7 receptor triggers the efflux of 
potassium ions out of the cell, which leads to the secretion of mature IL-1β by 
lysosomes (129). In support of the role of P2X7, overexpression of the receptor 
increases the secretion of IL-1β, and its absence prevents the secretion of IL-1β. The 
efflux of potassium ions triggers an influx of calcium ions, which in turn activates 
phospholipases. It appears that calcium-independent phospholipase A2 is required for 
caspase-1-processing in the specialized lysosomes, whereas phosphatidylcholine-
specific phospholipase C is required for lysosomal exocytosis and release (129).  
IL-1β is an important pro-inflammatory and pyrogenic cytokine which functions in 
different cell types. It stimulates the production of prostaglandins and nitric oxide, 
both of which are highly inflammatory. In addition, interleukin-1 induces the 
synthesis of chemokines, small proteins that facilitate the entry of neutrophils, 
macrophages, and lymphocytes into tissues, and the synthesis of other cytokines such 
as IL-6 (130).  
IL-1β is part of the IL-1 family and is with IL-1α, IL-18 and IL-1Ra its best known 
member (131;132). IL-1α is also synthesized in a 31-kD proform and can be cleaved by 
calpain or extracellular proteases to a 17kD form. In contrast to IL-1β, IL-1α is already 
active in its proform. IL-1α is not secreted from cells, but remains intracellular or is 
membrane bound. It therefore functions by cell contact or after cell lysis. IL-1Ra binds 
to type I IL-1 receptors (IL-1RI) and blocks IL-1-dependent signal transduction. There 
is a natural balance between the proinflammatory activities of interleukin-1 and the 
blocking ability of interleukin-1–receptor antagonist. Like IL-1β, IL-18 is synthesized 
in a proform (24kD) and can be cleaved into its mature form (18kD) by caspase-1 
(133;134). It also acts proinflammatory by inducing the synthesis of other 
proinflammatory cytokines and chemokines. In contrast to IL-1β, IL-18 is not an 
endogenous pyrogen (135). Recently, a novel member of the IL-1 family was 
described; IL-33. Similar as IL-1β and IL-18, IL-33 is produced in a proform and can 
be cleaved by caspase-1, at least in vitro (136). However, its biological activity differs 
from IL-1β and IL-18. IL-33 induces the production of Th2 associated cytokines as IL-
4, IL-5 and IL-13, whereas IL-1β and IL-18 promote pro-inflammatory Th1 cytokines.  
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The common denominator of the various hereditary periodic fever syndromes seems 
to be the activation of the caspase-1 pathway resulting in IL-1β production. The key 
role of IL-1β is confirmed by the success with IL-1 receptor blockers in FMF, MKD, 
TRAPS and the cryopyrinopathies. Although IL-1ra is not successful in all MKD 
patients, IL-1β also seems to play an important role in the pathogenesis of MKD. 
 

Aim and outline of this thesis 
 
Overall aim of this PhD study was to get more insight in the mechanism by which a 
defect in the isoprenoid biosynthesis could lead to periodic inflammatory attacks and 
dysregulation of the immune system. More insight in the link between isoprenoid 
biosynthesis and immunodysregulation might lead to new options in treatment, not 
only in MKD, but potentially also in a number of other inflammatory disorders.  
Chapter 1 provides an overview of the isoprenoid biosynthesis pathway, its defects 
with emphasis on MKD, the other autoinflammatory syndromes and IL-1β. In chapter 
2 we describe all known mutations and the genotype-phenotype correlations in MKD. 
Chapter 3 describes the effect of MKD on the expression of genes and proteins 
involved in cytokine response. IL-1β is an important proinflammatory cytokine which 
seems to play a role in the pathogenesis of autoinflammatory diseases such as MKD. 
MKD leads to both an accumulation of mevalonate and a reduced production of 
isoprenoid endproducts. We previously described (chapter 6) that increased IL-1β 
secretion by MKD cells is due to a temporary shortage of certain isoprenylated 
proteins. Still, the question whether the accumulation of mevalonate or a shortage of 
isoprenoid endproducts is the cause of inflammation in MKD leads to discrepancies in 
literature. Using IL-1β as a read-out in chapter 4 we describe that a shortage of 
geranylgeranylated proteins rather than an excess of mevalonate is likely to cause 
increased IL-1β secretion by PBMCs of MKD patients. Which of the 
geranylgeranylated proteins (e.g. Rho, Rac, Cdc42) might play a role in the 
pathogenesis of MKD is still subject of investigation. In chapter 5 we studied the 
regulation of IL-1β maturation and secretion in impaired isoprenoid biosynthesis in 
the monocytic cell line THP-1. Our results suggest that inhibition of the isoprenoid 
biosynthesis pathway triggers caspase-1 mediated processing of pro-IL-1β and 
subsequent secretion of mIL-1β. 
 
References 
 
 (1)  Goldstein JL, Brown MS. Regulation of the mevalonate pathway. Nature 1990; 343(6257):425-

30. 
 (2)  Farese RV, Jr., Herz J. Cholesterol metabolism and embryogenesis. Trends Genet 1998; 

14(3):115-20. 
 (3)  Casey PJ, Seabra MC. Protein prenyltransferases. J Biol Chem 1996; 271(10):5289-92. 
 (4)  Waterham HR, Wanders RJ. Biochemical and genetic aspects of 7-dehydrocholesterol 

reductase and Smith-Lemli-Opitz syndrome. Biochim Biophys Acta 2000; 1529(1-3):340-56. 
 (5)  Tavormina PA, Gibbs MH, Huff JW. Utilization of â-hydroxy-â-methyl-Ä-valerolactone in 

cholesterol biosynthesis. J Am Chem Soc 1956; 78:4498-9. 
 (6)  Amdur BH, Rilling H, Bloch K. The enzymatic conversion of mevalonic acid to squalene. J Am 

Chem Soc 1957; 79:2646-7. 
 (7)  POPJAK G, GOSSELIN L, GORE IY, GOULD RG. Studies on the biosynthesis of cholesterol. 6. 

Coenzyme requirements of liver enzymes for synthesis of squalene and of sterol from DL-3-
hydroxy-3-methyl-[2-14C] pentano-5-lactone. Biochem J 1958; 69(2):238-48. 



                                                                                                                                        General introduction 

 21 

 (8)  Tchen TT. On the formation of a phosphorylated derivative of mevalonic acid. J Am Chem Soc 
1957; 79:6344-5. 

 (9)  Beytia E, Dorsey JK, Marr J, Cleland WW, Porter JW. Purification and mechanism of action of 
hog liver mevalonic kinase. J Biol Chem 1970; 245(20):5450-8. 

 (10)  Brown MS, Goldstein JL. The SREBP pathway: regulation of cholesterol metabolism by 
proteolysis of a membrane-bound transcription factor. Cell 1997; 89(3):331-40. 

 (11)  Sato R, Yang J, Wang X, Evans MJ, Ho YK, Goldstein JL et al. Assignment of the membrane 
attachment, DNA binding, and transcriptional activation domains of sterol regulatory element-
binding protein-1 (SREBP-1). J Biol Chem 1994; 269(25):17267-73. 

 (12)  Adams CM, Reitz J, De Brabander JK, Feramisco JD, Li L, Brown MS et al. Cholesterol and 25-
hydroxycholesterol inhibit activation of SREBPs by different mechanisms, both involving 
SCAP and Insigs. J Biol Chem 2004; 279(50):52772-80. 

 (13)  Yabe D, Brown MS, Goldstein JL. Insig-2, a second endoplasmic reticulum protein that binds 
SCAP and blocks export of sterol regulatory element-binding proteins. Proc Natl Acad Sci U S 
A 2002; 99(20):12753-8. 

 (14)  Yang T, Espenshade PJ, Wright ME, Yabe D, Gong Y, Aebersold R et al. Crucial step in 
cholesterol homeostasis: sterols promote binding of SCAP to INSIG-1, a membrane protein 
that facilitates retention of SREBPs in ER. Cell 2002; 110(4):489-500. 

 (15)  Duncan EA, Brown MS, Goldstein JL, Sakai J. Cleavage site for sterol-regulated protease 
localized to a leu-Ser bond in the lumenal loop of sterol regulatory element-binding protein-2. 
J Biol Chem 1997; 272(19):12778-85. 

 (16)  Duncan EA, Dave UP, Sakai J, Goldstein JL, Brown MS. Second-site cleavage in sterol 
regulatory element-binding protein occurs at transmembrane junction as determined by 
cysteine panning. J Biol Chem 1998; 273(28):17801-9. 

 (17)  Briggs MR, Yokoyama C, Wang X, Brown MS, Goldstein JL. Nuclear protein that binds sterol 
regulatory element of low density lipoprotein receptor promoter. I. Identification of the 
protein and delineation of its target nucleotide sequence. J Biol Chem 1993; 268(19):14490-6. 

 (18)  Wang X, Briggs MR, Hua X, Yokoyama C, Goldstein JL, Brown MS. Nuclear protein that binds 
sterol regulatory element of low density lipoprotein receptor promoter. II. Purification and 
characterization. J Biol Chem 1993; 268(19):14497-504. 

 (19)  Sever N, Song BL, Yabe D, Goldstein JL, Brown MS, DeBose-Boyd RA. Insig-dependent 
ubiquitination and degradation of mammalian 3-hydroxy-3-methylglutaryl-CoA reductase 
stimulated by sterols and geranylgeraniol. J Biol Chem 2003; 278(52):52479-90. 

 (20)  Edwards PA, Ericsson J. Sterols and isoprenoids: signaling molecules derived from the 
cholesterol biosynthetic pathway. Annu Rev Biochem 1999; 68:157-85. 

 (21)  Song BL, Javitt NB, Bose-Boyd RA. Insig-mediated degradation of HMG CoA reductase 
stimulated by lanosterol, an intermediate in the synthesis of cholesterol. Cell Metab 2005; 
1(3):179-89. 

 (22)  Nakanishi M, Goldstein JL, Brown MS. Multivalent control of 3-hydroxy-3-methylglutaryl 
coenzyme A reductase. Mevalonate-derived product inhibits translation of mRNA and 
accelerates degradation of enzyme. J Biol Chem 1988; 263(18):8929-37. 

 (23)  Gillespie JG, Hardie DG. Phosphorylation and inactivation of HMG-CoA reductase at the 
AMP-activated protein kinase site in response to fructose treatment of isolated rat hepatocytes. 
FEBS Lett 1992; 306(1):59-62. 

 (24)  Bishop RW, Chambliss KL, Hoffmann GF, Tanaka RD, Gibson KM. Characterization of the 
mevalonate kinase 5'-untranslated region provides evidence for coordinate regulation of 
cholesterol biosynthesis. Biochem Biophys Res Commun 1998; 242(3):518-24. 

 (25)  Schneiders MS, Houten SM, Turkenburg M, Wanders RJ, Waterham HR. Manipulation of 
isoprenoid biosynthesis as a possible therapeutic option in mevalonate kinase deficiency. 
Arthritis Rheum 2006; 54(7):2306-13. 

 (26)  Kovacs WJ, Olivier LM, Krisans SK. Central role of peroxisomes in isoprenoid biosynthesis. 
Prog Lipid Res 2002; 41(5):369-91. 

 (27)  Hogenboom S, Tuyp JJ, Espeel M, Koster J, Wanders RJ, Waterham HR. Mevalonate kinase is 
a cytosolic enzyme in humans. J Cell Sci 2004; 117(Pt 4):631-9. 

 (28)  Wanders RJ, Waterham HR. Biochemistry of mammalian peroxisomes revisited. Annu Rev 
Biochem 2006; 75:295-332. 

 (29)  Hogenboom S, Tuyp JJ, Espeel M, Koster J, Wanders RJ, Waterham HR. Human mevalonate 
pyrophosphate decarboxylase is localized in the cytosol. Mol Genet Metab 2004; 81(3):216-24. 



Chapter 1 
 

 22 

 (30)  Hogenboom S, Tuyp JJ, Espeel M, Koster J, Wanders RJ, Waterham HR. Phosphomevalonate 
kinase is a cytosolic protein in humans. J Lipid Res 2004; 45(4):697-705. 

 (31)  Olivier LM, Krisans SK. Peroxisomal protein targeting and identification of peroxisomal 
targeting signals in cholesterol biosynthetic enzymes. Biochim Biophys Acta 2000; 1529(1-
3):89-102. 

 (32)  Ghys K, Fransen M, Mannaerts GP, Van Veldhoven PP. Functional studies on human Pex7p: 
subcellular localization and interaction with proteins containing a peroxisome-targeting signal 
type 2 and other peroxins. Biochem J 2002; 365(Pt 1):41-50. 

 (33)  SMITH DW, LEMLI L, OPITZ JM. A NEWLY RECOGNIZED SYNDROME OF MULTIPLE 
CONGENITAL ANOMALIES. J Pediatr 1964; 64:210-7. 

 (34)  Wassif CA, Maslen C, Kachilele-Linjewile S, Lin D, Linck LM, Connor WE et al. Mutations in 
the human sterol delta7-reductase gene at 11q12-13 cause Smith-Lemli-Opitz syndrome. Am J 
Hum Genet 1998; 63(1):55-62. 

 (35)  Clayton P, Mills K, Keeling J, FitzPatrick D. Desmosterolosis: a new inborn error of cholesterol 
biosynthesis. Lancet 1996; 348(9024):404. 

 (36)  FitzPatrick DR, Keeling JW, Evans MJ, Kan AE, Bell JE, Porteous ME et al. Clinical phenotype 
of desmosterolosis. Am J Med Genet 1998; 75(2):145-52. 

 (37)  Waterham HR, Koster J, Romeijn GJ, Hennekam RC, Vreken P, Andersson HC et al. 
Mutations in the 3beta-hydroxysterol Delta24-reductase gene cause desmosterolosis, an 
autosomal recessive disorder of cholesterol biosynthesis. Am J Hum Genet 2001; 69(4):685-
94. 

 (38)  Brunetti-Pierri N, Corso G, Rossi M, Ferrari P, Balli F, Rivasi F et al. Lathosterolosis, a novel 
multiple-malformation/mental retardation syndrome due to deficiency of 3beta-
hydroxysteroid-delta5-desaturase. Am J Hum Genet 2002; 71(4):952-8. 

 (39)  Braverman N, Lin P, Moebius FF, Obie C, Moser A, Glossmann H et al. Mutations in the gene 
encoding 3 beta-hydroxysteroid-delta 8, delta 7-isomerase cause X-linked dominant Conradi-
Hunermann syndrome. Nat Genet 1999; 22(3):291-4. 

 (40)  Derry JM, Gormally E, Means GD, Zhao W, Meindl A, Kelley RI et al. Mutations in a delta 8-
delta 7 sterol isomerase in the tattered mouse and X-linked dominant chondrodysplasia 
punctata. jderry@immunex.com. Nat Genet 1999; 22(3):286-90. 

 (41)  Konig A, Happle R, Bornholdt D, Engel H, Grzeschik KH. Mutations in the NSDHL gene, 
encoding a 3beta-hydroxysteroid dehydrogenase, cause CHILD syndrome. Am J Med Genet 
2000; 90(4):339-46. 

 (42)  Waterham HR, Koster J, Mooyer P, Noort GG, Kelley RI, Wilcox WR et al. Autosomal recessive 
HEM/Greenberg skeletal dysplasia is caused by 3 beta-hydroxysterol delta 14-reductase 
deficiency due to mutations in the lamin B receptor gene. Am J Hum Genet 2003; 72(4):1013-
7. 

 (43)  Hoffmann K, Dreger CK, Olins AL, Olins DE, Shultz LD, Lucke B et al. Mutations in the gene 
encoding the lamin B receptor produce an altered nuclear morphology in granulocytes (Pelger-
Huet anomaly). Nat Genet 2002; 31(4):410-4. 

 (44)  Rotig A, Appelkvist EL, Geromel V, Chretien D, Kadhom N, Edery P et al. Quinone-responsive 
multiple respiratory-chain dysfunction due to widespread coenzyme Q10 deficiency. Lancet 
2000; 356(9227):391-5. 

 (45)  Valnot I, von Kleist-Retzow JC, Barrientos A, Gorbatyuk M, Taanman JW, Mehaye B et al. A 
mutation in the human heme A:farnesyltransferase gene (COX10 ) causes cytochrome c 
oxidase deficiency. Hum Mol Genet 2000; 9(8):1245-9. 

 (46)  Hoffmann G, Gibson KM, Brandt IK, Bader PI, Wappner RS, Sweetman L. Mevalonic aciduria-
-an inborn error of cholesterol and nonsterol isoprene biosynthesis. N Engl J Med 1986; 
314(25):1610-4. 

 (47)  van der Meer JW, Vossen JM, Radl J, van Nieuwkoop JA, Meyer CJ, Lobatto S et al. 
Hyperimmunoglobulinaemia D and periodic fever: a new syndrome. Lancet 1984; 
1(8386):1087-90. 

 (48)  Drenth JP, Cuisset L, Grateau G, Vasseur C, van de Velde-Visser SD, de Jong JG et al. 
Mutations in the gene encoding mevalonate kinase cause hyper-IgD and periodic fever 
syndrome. International Hyper-IgD Study Group. Nat Genet 1999; 22(2):178-81. 

 (49)  Houten SM, Kuis W, Duran M, de Koning TJ, Royen-Kerkhof A, Romeijn GJ et al. Mutations 
in MVK, encoding mevalonate kinase, cause hyperimmunoglobulinaemia D and periodic fever 
syndrome. Nat Genet 1999; 22(2):175-7. 



                                                                                                                                        General introduction 

 23 

 (50)  Houten SM, Frenkel J, Waterham HR. Isoprenoid biosynthesis in hereditary periodic fever 
syndromes and inflammation. Cell Mol Life Sci 2003; 60(6):1118-34. 

 (51)  Drenth JP, Haagsma CJ, van der Meer JW. Hyperimmunoglobulinemia D and periodic fever 
syndrome. The clinical spectrum in a series of 50 patients. International Hyper-IgD Study 
Group. Medicine (Baltimore) 1994; 73(3):133-44. 

 (52)  Frenkel J, Houten SM, Waterham HR, Wanders RJ, Rijkers GT, Kimpen JL et al. Mevalonate 
kinase deficiency and Dutch type periodic fever. Clin Exp Rheumatol 2000; 18(4):525-32. 

 (53)  Hoffmann GF, Charpentier C, Mayatepek E, Mancini J, Leichsenring M, Gibson KM et al. 
Clinical and biochemical phenotype in 11 patients with mevalonic aciduria. Pediatrics 1993; 
91(5):915-21. 

 (54)  Simon A, Mariman EC, van der Meer JW, Drenth JP. A founder effect in the 
hyperimmunoglobulinemia D and periodic fever syndrome. Am J Med 2003; 114(2):148-52. 

 (55)  Cuisset L, Drenth JP, Simon A, Vincent MF, van dV, V, van der Meer JW et al. Molecular 
analysis of MVK mutations and enzymatic activity in hyper-IgD and periodic fever syndrome. 
Eur J Hum Genet 2001; 9(4):260-6. 

 (56)  Tsimaratos M, Kone-Paut I, Divry P, Philip N, Chabrol B. Mevalonic aciduria and hyper-IgD 
syndrome: two sides of the same coin? J Inherit Metab Dis 2001; 24(3):413-4. 

 (57)  Medlej-Hashim M, Petit I, Adib S, Chouery E, Salem N, Delague V et al. Familial 
Mediterranean Fever: association of elevated IgD plasma levels with specific MEFV mutations. 
Eur J Hum Genet 2001; 9(11):849-54. 

 (58)  Dode C, Andre M, Bienvenu T, Hausfater P, Pecheux C, Bienvenu J et al. The enlarging clinical, 
genetic, and population spectrum of tumor necrosis factor receptor-associated periodic 
syndrome. Arthritis Rheum 2002; 46(8):2181-8. 

 (59)  Simon A, van Deuren M, Tighe PJ, van der Meer JW, Drenth JP. Genetic analysis as a valuable 
key to diagnosis and treatment of periodic Fever. Arch Intern Med 2001; 161(20):2491-3. 

 (60)  Saulsbury FT. Hyperimmunoglobulinemia D and periodic fever syndrome (HIDS) in a child 
with normal serum IgD, but increased serum IgA concentration. J Pediatr 2003; 143(1):127-9. 

 (61)  Takada K, Aksentijevich I, Mahadevan V, Dean JA, Kelley RI, Kastner DL. Favorable 
preliminary experience with etanercept in two patients with the hyperimmunoglobulinemia D 
and periodic fever syndrome. Arthritis Rheum 2003; 48(9):2645-51. 

 (62)  Havenaar EC, Drenth JP, van Ommen EC, van der Meer JW, van Dijk W. Elevated serum level 
and altered glycosylation of alpha 1-acid glycoprotein in hyperimmunoglobulinemia D and 
periodic fever syndrome: evidence for persistent inflammation. Clin Immunol Immunopathol 
1995; 76(3 Pt 1):279-84. 

 (63)  Drenth JP, van Deuren M, Van d, V, Schalkwijk CG, van der Meer JW. Cytokine activation 
during attacks of the hyperimmunoglobulinemia D and periodic fever syndrome. Blood 1995; 
85(12):3586-93. 

 (64)  Drenth JP, van der Meer JW, Kushner I. Unstimulated peripheral blood mononuclear cells 
from patients with the hyper-IgD syndrome produce cytokines capable of potent induction of 
C-reactive protein and serum amyloid A in Hep3B cells. J Immunol 1996; 157(1):400-4. 

 (65)  Kelley RI. Inborn errors of cholesterol biosynthesis. Adv Pediatr 2000; 47:1-53. 
 (66)  Simon A, Kremer HP, Wevers RA, Scheffer H, de Jong JG, van der Meer JW et al. Mevalonate 

kinase deficiency: Evidence for a phenotypic continuum. Neurology 2004; 62(6):994-7. 
 (67)  Houten SM, Schneiders MS, Wanders RJ, Waterham HR. Regulation of isoprenoid/cholesterol 

biosynthesis in cells from mevalonate kinase-deficient patients. J Biol Chem 2003; 
278(8):5736-43. 

 (68)  Houten SM, Frenkel J, Rijkers GT, Wanders RJ, Kuis W, Waterham HR. Temperature 
dependence of mutant mevalonate kinase activity as a pathogenic factor in hyper-IgD and 
periodic fever syndrome. Hum Mol Genet 2002; 11(25):3115-24. 

 (69)  Schafer BL, Bishop RW, Kratunis VJ, Kalinowski SS, Mosley ST, Gibson KM et al. Molecular 
cloning of human mevalonate kinase and identification of a missense mutation in the genetic 
disease mevalonic aciduria. J Biol Chem 1992; 267(19):13229-38. 

 (70)  Houten SM, Koster J, Romeijn GJ, Frenkel J, Di Rocco M, Caruso U et al. Organization of the 
mevalonate kinase (MVK) gene and identification of novel mutations causing mevalonic 
aciduria and hyperimmunoglobulinaemia D and periodic fever syndrome. Eur J Hum Genet 
2001; 9(4):253-9. 

 (71)  Houten SM, Wanders RJ, Waterham HR. Biochemical and genetic aspects of mevalonate 
kinase and its deficiency. Biochim Biophys Acta 2000; 1529(1-3):19-32. 



Chapter 1 
 

 24 

 (72)  Houten SM, Romeijn GJ, Koster J, Gray RG, Darbyshire P, Smit GP et al. Identification and 
characterization of three novel missense mutations in mevalonate kinase cDNA causing 
mevalonic aciduria, a disorder of isoprene biosynthesis. Hum Mol Genet 1999; 8(8):1523-8. 

 (73)  Hinson DD, Ross RM, Krisans S, Shaw JL, Kozich V, Rolland MO et al. Identification of a 
mutation cluster in mevalonate kinase deficiency, including a new mutation in a patient of 
Mennonite ancestry. Am J Hum Genet 1999; 65(2):327-35. 

 (74)  Fu Z, Wang M, Potter D, Miziorko HM, Kim JJ. The structure of a binary complex between a 
mammalian mevalonate kinase and ATP: insights into the reaction mechanism and human 
inherited disease. J Biol Chem 2002; 277(20):18134-42. 

 (75)  Rios SE, Cho YK, Miziorko HM. Characterization of mevalonate kinase V377I, a mutant 
implicated in defective isoprenoid biosynthesis and HIDS/periodic fever syndrome. Biochim 
Biophys Acta 2001; 1531(3):165-8. 

 (76)  Marchetti F, Barbi E, Tommasini A, Oretti C, Ventura A. Inefficacy of etanercept in a child with 
hyper-IgD syndrome and periodic fever. Clin Exp Rheumatol 2004; 22(6):791-2. 

 (77)  Drenth JP, Vonk AG, Simon A, Powell R, van der Meer JW. Limited efficacy of thalidomide in 
the treatment of febrile attacks of the hyper-IgD and periodic fever syndrome: a randomized, 
double-blind, placebo-controlled trial. J Pharmacol Exp Ther 2001; 298(3):1221-6. 

 (78)  Bodar EJ, van der Hilst JC, Drenth JP, van der Meer JW, Simon A. Effect of etanercept and 
anakinra on inflammatory attacks in the hyper-IgD syndrome: introducing a vaccination 
provocation model. Neth J Med 2005; 63(7):260-4. 

 (79)  Cailliez M, Garaix F, Rousset-Rouviere C, Bruno D, Kone-Paut I, Sarles J et al. Anakinra is safe 
and effective in controlling hyperimmunoglobulinaemia D syndrome-associated febrile crisis. 
J Inherit Metab Dis 2006; 29(6):763. 

 (80)  Nevyjel M, Pontillo A, Calligaris L, Tommasini A, D'Osualdo A, Waterham HR et al. 
Diagnostics and therapeutic insights in a severe case of mevalonate kinase deficiency. 
Pediatrics 2007; 119(2):e523-e527. 

 (81)  Rigante D, Capoluongo E, Bertoni B, Ansuini V, Chiaretti A, Piastra M et al. First report of 
macrophage activation syndrome in hyperimmunoglobulinemia D with periodic fever 
syndrome. Arthritis Rheum 2007; 56(2):658-61. 

 (82)  Galon J, Aksentijevich I, McDermott MF, O'Shea JJ, Kastner DL. TNFRSF1A mutations and 
autoinflammatory syndromes. Curr Opin Immunol 2000; 12(4):479-86. 

 (83)  Sohar E, Gafni J, Pras M, Heller H. Familial Mediterranean fever. A survey of 470 cases and 
review of the literature. Am J Med 1967; 43(2):227-53. 

 (84)  Zemer D, Pras M, Sohar E, Modan M, Cabili S, Gafni J. Colchicine in the prevention and 
treatment of the amyloidosis of familial Mediterranean fever. N Engl J Med 1986; 
314(16):1001-5. 

 (85)  The French FMF Consortium. A candidate gene for familial Mediterranean fever. Nat Genet 
1997; 17(1):25-31. 

 (86)  The International FMF Consortium. Ancient missense mutations in a new member of the 
RoRet gene family are likely to cause familial Mediterranean fever. Cell 1997; 90(4):797-807. 

 (87)  Bertin J, DiStefano PS. The PYRIN domain: a novel motif found in apoptosis and 
inflammation proteins. Cell Death Differ 2000; 7(12):1273-4. 

 (88)  Martinon F, Hofmann K, Tschopp J. The pyrin domain: a possible member of the death 
domain-fold family implicated in apoptosis and inflammation. Curr Biol 2001; 11(4):R118-
R120. 

 (89)  Chae JJ, Komarow HD, Cheng J, Wood G, Raben N, Liu PP et al. Targeted disruption of pyrin, 
the FMF protein, causes heightened sensitivity to endotoxin and a defect in macrophage 
apoptosis. Mol Cell 2003; 11(3):591-604. 

 (90)  Chae JJ, Wood G, Masters SL, Richard K, Park G, Smith BJ et al. The B30.2 domain of pyrin, 
the familial Mediterranean fever protein, interacts directly with caspase-1 to modulate IL-1beta 
production. Proc Natl Acad Sci U S A 2006; 103(26):9982-7. 

 (91)  Yu JW, Wu J, Zhang Z, Datta P, Ibrahimi I, Taniguchi S et al. Cryopyrin and pyrin activate 
caspase-1, but not NF-kappaB, via ASC oligomerization. Cell Death Differ 2006; 13(2):236-49. 

 (92)  Dowds TA, Masumoto J, Chen FF, Ogura Y, Inohara N, Nunez G. Regulation of 
cryopyrin/Pypaf1 signaling by pyrin, the familial Mediterranean fever gene product. Biochem 
Biophys Res Commun 2003; 302(3):575-80. 

 (93)  Masumoto J, Dowds TA, Schaner P, Chen FF, Ogura Y, Li M et al. ASC is an activating adaptor 
for NF-kappa B and caspase-8-dependent apoptosis. Biochem Biophys Res Commun 2003; 
303(1):69-73. 



                                                                                                                                        General introduction 

 25 

 (94)  Stehlik C, Fiorentino L, Dorfleutner A, Bruey JM, Ariza EM, Sagara J et al. The PAAD/PYRIN-
family protein ASC is a dual regulator of a conserved step in nuclear factor kappaB activation 
pathways. J Exp Med 2002; 196(12):1605-15. 

 (95)  Aksentijevich I, Nowak M, Mallah M, Chae JJ, Watford WT, Hofmann SR et al. De novo CIAS1 
mutations, cytokine activation, and evidence for genetic heterogeneity in patients with 
neonatal-onset multisystem inflammatory disease (NOMID): a new member of the expanding 
family of pyrin-associated autoinflammatory diseases. Arthritis Rheum 2002; 46(12):3340-8. 

 (96)  Feldmann J, Prieur AM, Quartier P, Berquin P, Certain S, Cortis E et al. Chronic infantile 
neurological cutaneous and articular syndrome is caused by mutations in CIAS1, a gene highly 
expressed in polymorphonuclear cells and chondrocytes. Am J Hum Genet 2002; 71(1):198-
203. 

 (97)  Hoffman HM, Mueller JL, Broide DH, Wanderer AA, Kolodner RD. Mutation of a new gene 
encoding a putative pyrin-like protein causes familial cold autoinflammatory syndrome and 
Muckle-Wells syndrome. Nat Genet 2001; 29(3):301-5. 

 (98)  Doeglas HM, Bleumink E. Familial cold urticaria. Clinical findings. Arch Dermatol 1974; 
110(3):382-8. 

 (99)  Hoffman HM, Wanderer AA, Broide DH. Familial cold autoinflammatory syndrome: 
phenotype and genotype of an autosomal dominant periodic fever. J Allergy Clin Immunol 
2001; 108(4):615-20. 

 (100)  Muckle TJ, WELLSM. Urticaria, deafness, and amyloidosis: a new heredo-familial syndrome. 
Q J Med 1962; 31:235-48. 

 (101)  Prieur AM, Griscelli C, Lampert F, Truckenbrodt H, Guggenheim MA, Lovell DJ et al. A 
chronic, infantile, neurological, cutaneous and articular (CINCA) syndrome. A specific entity 
analysed in 30 patients. Scand J Rheumatol Suppl 1987; 66:57-68. 

 (102)  Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp J. NALP3 forms an 
IL-1beta-processing inflammasome with increased activity in Muckle-Wells autoinflammatory 
disorder. Immunity 2004; 20(3):319-25. 

 (103)  Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering 
activation of inflammatory caspases and processing of proIL-beta. Mol Cell 2002; 10(2):417-
26. 

 (104)  Hawkins PN, Lachmann HJ, McDermott MF. Interleukin-1-receptor antagonist in the Muckle-
Wells syndrome. N Engl J Med 2003; 348(25):2583-4. 

 (105)  Hawkins PN, Bybee A, Aganna E, McDermott MF. Response to anakinra in a de novo case of 
neonatal-onset multisystem inflammatory disease. Arthritis Rheum 2004; 50(8):2708-9. 

 (106)  Hoffman HM, Rosengren S, Boyle DL, Cho JY, Nayar J, Mueller JL et al. Prevention of cold-
associated acute inflammation in familial cold autoinflammatory syndrome by interleukin-1 
receptor antagonist. Lancet 2004; 364(9447):1779-85. 

 (107)  McDermott MF, Aksentijevich I, Galon J, McDermott EM, Ogunkolade BW, Centola M et al. 
Germline mutations in the extracellular domains of the 55 kDa TNF receptor, TNFR1, define a 
family of dominantly inherited autoinflammatory syndromes. Cell 1999; 97(1):133-44. 

 (108)  Grell M, Douni E, Wajant H, Lohden M, Clauss M, Maxeiner B et al. The transmembrane form 
of tumor necrosis factor is the prime activating ligand of the 80 kDa tumor necrosis factor 
receptor. Cell 1995; 83(5):793-802. 

 (109)  Aganna E, Hammond L, Hawkins PN, Aldea A, McKee SA, van Amstel HK et al. Heterogeneity 
among patients with tumor necrosis factor receptor-associated periodic syndrome phenotypes. 
Arthritis Rheum 2003; 48(9):2632-44. 

 (110)  Aksentijevich I, Galon J, Soares M, Mansfield E, Hull K, Oh HH et al. The tumor-necrosis-
factor receptor-associated periodic syndrome: new mutations in TNFRSF1A, ancestral origins, 
genotype-phenotype studies, and evidence for further genetic heterogeneity of periodic fevers. 
Am J Hum Genet 2001; 69(2):301-14. 

 (111)  Siebert S, Amos N, Fielding CA, Wang EC, Aksentijevich I, Williams BD et al. Reduced tumor 
necrosis factor signaling in primary human fibroblasts containing a tumor necrosis factor 
receptor superfamily 1A mutant. Arthritis Rheum 2005; 52(4):1287-92. 

 (112)  Siebert S, Fielding CA, Williams BD, Brennan P. Mutation of the extracellular domain of 
tumour necrosis factor receptor 1 causes reduced NF-kappaB activation due to decreased 
surface expression. FEBS Lett 2005; 579(23):5193-8. 

 (113)  Todd I, Radford PM, Draper-Morgan KA, McIntosh R, Bainbridge S, Dickinson P et al. Mutant 
forms of tumour necrosis factor receptor I that occur in TNF-receptor-associated periodic 



Chapter 1 
 

 26 

syndrome retain signalling functions but show abnormal behaviour. Immunology 2004; 
113(1):65-79. 

 (114)  Lobito AA, Kimberley FC, Muppidi JR, Komarow H, Jackson AJ, Hull KM et al. Abnormal 
disulfide-linked oligomerization results in ER retention and altered signaling by TNFR1 
mutants in TNFR1-associated periodic fever syndrome (TRAPS). Blood 2006; 108(4):1320-7. 

 (115)  Rebelo SL, Bainbridge SE, mel-Kashipaz MR, Radford PM, Powell RJ, Todd I et al. Modeling 
of tumor necrosis factor receptor superfamily 1A mutants associated with tumor necrosis 
factor receptor-associated periodic syndrome indicates misfolding consistent with abnormal 
function. Arthritis Rheum 2006; 54(8):2674-87. 

 (116)  Drewe E, McDermott EM, Powell PT, Isaacs JD, Powell RJ. Prospective study of anti-tumour 
necrosis factor receptor superfamily 1B fusion protein, and case study of anti-tumour necrosis 
factor receptor superfamily 1A fusion protein, in tumour necrosis factor receptor associated 
periodic syndrome (TRAPS): clinical and laboratory findings in a series of seven patients. 
Rheumatology (Oxford) 2003; 42(2):235-9. 

 (117)  Simon A, Bodar EJ, van der Hilst JC, van der Meer JW, Fiselier TJ, Cuppen MP et al. 
Beneficial response to interleukin 1 receptor antagonist in traps. Am J Med 2004; 117(3):208-
10. 

 (118)  Hazuda DJ, Lee JC, Young PR. The kinetics of interleukin 1 secretion from activated 
monocytes. Differences between interleukin 1 alpha and interleukin 1 beta. J Biol Chem 1988; 
263(17):8473-9. 

 (119)  Kostura MJ, Tocci MJ, Limjuco G, Chin J, Cameron P, Hillman AG et al. Identification of a 
monocyte specific pre-interleukin 1 beta convertase activity. Proc Natl Acad Sci U S A 1989; 
86(14):5227-31. 

 (120)  Mantovani A, Muzio M, Ghezzi P, Colotta C, Introna M. Regulation of inhibitory pathways of 
the interleukin-1 system. Ann N Y Acad Sci 1998; 840:338-51. 

 (121)  Dinarello CA. Interleukin-1 beta, interleukin-18, and the interleukin-1 beta converting enzyme. 
Ann N Y Acad Sci 1998; 856:1-11. 

 (122)  Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ et al. A novel 
heterodimeric cysteine protease is required for interleukin-1 beta processing in monocytes. 
Nature 1992; 356(6372):768-74. 

 (123)  Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA et al. Molecular 
cloning of the interleukin-1 beta converting enzyme. Science 1992; 256(5053):97-100. 

 (124)  Wilson KP, Black JA, Thomson JA, Kim EE, Griffith JP, Navia MA et al. Structure and 
mechanism of interleukin-1 beta converting enzyme. Nature 1994; 370(6487):270-5. 

 (125)  Srinivasula SM, Poyet JL, Razmara M, Datta P, Zhang Z, Alnemri ES. The PYRIN-CARD 
protein ASC is an activating adaptor for caspase-1. J Biol Chem 2002; 277(24):21119-22. 

 (126)  Tschopp J, Martinon F, Burns K. NALPs: a novel protein family involved in inflammation. Nat 
Rev Mol Cell Biol 2003; 4(2):95-104. 

 (127)  Wang L, Manji GA, Grenier JM, Al Garawi A, Merriam S, Lora JM et al. PYPAF7, a novel 
PYRIN-containing Apaf1-like protein that regulates activation of NF-kappa B and caspase-1-
dependent cytokine processing. J Biol Chem 2002; 277(33):29874-80. 

 (128)  Martinon F, Tschopp J. Inflammatory caspases: linking an intracellular innate immune system 
to autoinflammatory diseases. Cell 2004; 117(5):561-74. 

 (129)  Andrei C, Margiocco P, Poggi A, Lotti LV, Torrisi MR, Rubartelli A. Phospholipases C and A2 
control lysosome-mediated IL-1 beta secretion: Implications for inflammatory processes. Proc 
Natl Acad Sci U S A 2004; 101(26):9745-50. 

 (130)  Dinarello CA. Biologic basis for interleukin-1 in disease. Blood 1996; 87(6):2095-147. 
 (131)  Dinarello CA. The biological properties of interleukin-1. Eur Cytokine Netw 1994; 5(6):517-31. 
 (132)  Dinarello CA. Interleukin-18, a proinflammatory cytokine. Eur Cytokine Netw 2000; 

11(3):483-6. 
 (133)  Ghayur T, Banerjee S, Hugunin M, Butler D, Herzog L, Carter A et al. Caspase-1 processes IFN-

gamma-inducing factor and regulates LPS-induced IFN-gamma production. Nature 1997; 
386(6625):619-23. 

 (134)  Gu Y, Kuida K, Tsutsui H, Ku G, Hsiao K, Fleming MA et al. Activation of interferon-gamma 
inducing factor mediated by interleukin-1beta converting enzyme. Science 1997; 
275(5297):206-9. 

 (135)  Dinarello CA. The IL-1 family and inflammatory diseases. Clin Exp Rheumatol 2002; 20(5 
Suppl 27):S1-13. 



                                                                                                                                        General introduction 

 27 

 (136)  Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK et al. IL-33, an 
interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T 
helper type 2-associated cytokines. Immunity 2005; 23(5):479-90. 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 
Mutational spectrum and genotype-

phenotype correlations in mevalonate 
kinase deficiency 

 
 
 

Saskia H.L. Mandey *, Marit S. Schneiders *, Janet Koster, Hans R. Waterham 
 

* Both authors contributed equally to this work. 
 
 
 

Human Mutation 2006 Aug; 27 (8), 796-802 
 

 



Chapter 2 

 

 30 

Mutational spectrum and genotype-phenotype correlations in 
mevalonate kinase deficiency 
 
Saskia H.L. Mandey, Marit S. Schneiders, Janet Koster, Hans R. Waterham 

Laboratory Genetic Metabolic Diseases, Departments of Clinical Chemistry and 
Pediatrics, Emma Children's Hospital, Academic Medical Center, University of 
Amsterdam 
 

 
Abstract 
 
Mevalonate kinase deficiency (MKD) is an autosomal recessive auto-inflammatory 
disorder caused by mutations in the MVK gene resulting in deficient activity of 
mevalonate kinase (MK). Depending on the clinical severity, MKD may present as 
hyper-IgD and periodic fever syndrome (HIDS) or the more severe mevalonic acidura 
(MA). We analyzed the MVK gene in 57 patients with MKD and found 39 different 
mutations including 15 novel mutations, expanding the total mutational spectrum of 
MKD to 63 mutations. To get more insight in the genotype-phenotype correlation in 
MKD, we studied the effect of selected missense mutations on MK protein stability 
and activity in various patient fibroblast cell lines. All MKD cell lines showed 
markedly decreased MK activities that correlated well with the clinical severity and, 
for most of the cell lines, with the amount of MK protein. When fibroblasts of MKD 
patients were cultured under conditions known to promote a more controlled protein 
folding, all cell lines of patients with the HIDS phenotype and few cell lines of patients 
with the MA phenotype showed an increase in the residual MK activity. This increase 
in enzyme activity correlates well with an increase in the MK protein levels in these 
cell lines, indicating that most of the mutations in MKD affect stability and/ or folding 
of MK protein rather than affecting the catalytic properties of the enzyme. The finding 
that the residual activity in MKD can be manipulated by environmental conditions, 
may offer therapeutic options to alleviate or prevent the clinical symptoms associated 
with MKD. 
 

Introduction 
 
Mevalonate kinase deficiency (MKD; MIM 251170, 260920) is an autosomal recessive 
metabolic disorder characterized by recurring episodes of high fever associated with 
headache, arthritis, nausea, abdominal pain, diarrhea, and skin rash (1;2). Originally, 
two distinct syndromes had been defined, classic mevalonic aciduria (MA; MIM 
251170)(3) and the auto-inflammatory hyperimmunoglobulinemia D and periodic 
fever syndrome (HIDS; MIM 260920)(4). After the discovery that both disorders are 
caused by a deficient activity of mevalonate kinase (MK)(5;6) due to mutations in the 
encoding MVK gene (MIM 251170), they are now recognized as the severe and mild 
clinical ends of the MKD spectrum (7). Indeed, where as patients with the HIDS 
phenotype typically only present with recurrent episodes of fever and associated 
inflammatory symptoms (8), patients with the MA phenotype show, in addition to 
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these episodes, developmental delay, dysmorphic features, ataxia, cerebellar 
athrophy, and psychomotor retardation and may die in early childhood (9). 
Furthermore, cells from patients with the HIDS phenotype still contain residual MK 
enzyme activities of 1-8% of the activities of control cells (10-12), while in cells from 
patients with the MA phenotype the MK enzyme activity is below the detection level 
(approx. 0.1% of normal)(13-15). This difference in residual enzyme activity is also 
reflected in the occurrence of high levels of mevalonic acid in plasma, urine and 
tissues of patients with the MA phenotype and low to moderately increased levels of 
mevalonic acid in patients with the HIDS presentation. 
MK catalyzes the ATP-dependent phosphorylation of mevalonate to produce 5-
phosphomevalonate and is the next enzyme to follow the rate-limiting and highly 
regulated enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase in the 
isoprenoid biosynthesis pathway (16). The isoprenoid biosynthesis pathway provides 
cells with numerous bioactive molecules collectively named isoprenoids. These 
include the side chain of heme A, dolichol, sterols  and the isoprenoid moieties of 
isoprenylated proteins that are involved in a variety of important cellular processes. 
Although the precise molecular mechanism by which a defective activity of an enzyme 
in the isoprenoid biosynthesis pathway leads to fever episodes is still unknown, it is 
believed that it is due to a temporary shortage of certain prenylated proteins (17-19). 
We report here 39 different mutations in the MVK gene, which we identified by 
sequencing this gene in 57 patients diagnosed with MKD on the basis of clinical 
symptoms and/or biochemical findings. Of these 39 mutations, 15 mutations have not 
been reported previously expanding the total mutational spectrum of MKD to 63 
mutations. To get more insight into a genotype-phenotype correlation in MKD, we 
studied the effect of selected missense mutations on MK protein stability and enzyme 
activity. Our results indicate that most mutations do not directly affect MK activity 
but primarily affect protein folding/ stability. 
 

Material and Methods 
 
Patients 
All patients analyzed in this study were initially suspected to be affected with MKD on 
the basis of clinical presentation. For most patients, the clinical suspicion was 
confirmed by direct enzyme measurements of MK in white blood cells and/ or 
cultured skin fibroblasts. 
 
Mutation analysis  
Genomic DNA was extracted from primary skin fibroblasts, white blood cells (i.e. 
lymphocytes and leucocytes) or lymphoblasts from MKD patients using the Wizard 
Genomic DNA purification kit according to the instructions of the supplier (Promega 
corporation, Madison, WI, USA). Mutation analysis of the MVK gene (GenBank 
Accession AH009614) in genomic DNA was performed as described previously (20). 
The DNA mutation numbering is based on the MVK cDNA sequence with GenBank 
Accession NM_000431, with the A of the ATG translation-initiation codon numbered 
as +1. Amino acid numbering starts with the translation initiator methionine as +1. 
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Cell culture 
Selected primary skin fibroblast cell lines from MK-deficient patients and a healthy 
control subject were cultured in standard medium, which is nutrient mixture Ham's 
F-10 with L-glutamine and 25 mM Hepes (Invitrogen, Breda, The Netherlands), 
supplemented with 10% fetal calf serum (Invitrogen, Breda, The Netherlands). Prior 
to experiments, cells were seeded in T-75 culture flasks (Costar, NY, USA) in standard 
medium supplemented with 10% fetal calf serum and grown until confluency. 
Subsequently, the medium was replaced with fresh standard medium supplemented 
with 10% fetal calf serum or 10% lipoprotein-depleted fetal calf serum (Biowest, 
Nuaillé, France), or 10% fetal calf serum plus 10% glycerol (w/v). The cells were then 
cultured for 5 days at 30°C or 37°C. Cells were harvested by trypsinization, washed 
once with phosphate-buffered saline (PBS) and twice with 0.9% NaCl, snap-frozen as 

pellets in liquid nitrogen and stored at -80 °C until further analysis.  
 
Mevalonate kinase activity 
MK activity was measured as described previously (21) using 14C-labeled mevalonate 
(NEN, Perkin Elmer Life Sciences, Boston, MA, USA) as substrate. The intra-assay 
and interassay coefficients of variance were 5.2% and 5.6%, respectively. 
 
Immunoblot analysis 
Immunoblot analysis was performed in the same samples used for MK enzyme 
analysis. 
Equal amounts of protein were separated by SDS-PAGE and transferred onto 
nitrocellulose by semidry blotting. Affinity-purified antibodies directed against 
human MK (22) were used at a 1:5000 dilution. Antigen-antibody complexes were 
visualized with swine anti-rabbit alkaline phosphatase conjugate (Tropix, Applied 
Biosystems, Foster City, CA, USA) using the Western-LightTM protein detection kit 
(Tropix, Applied Biosystems, Foster City, CA, USA). To verify equal transfer of 
proteins, each blot was reversibly stained with Ponceau S prior to incubation with 
antibodies. As a control for equal protein loading, we reprobed the immunoblots with 
monoclonal antibodies against β-actin (Sigma, St. Louis, MO, USA) using a 1: 20,000 
dilution. 
 

Results 
 
Mutation analysis of MKD patients 
We performed mutation analysis of the MVK gene in 57 patients, including 4 sibs, 
initially suspected to suffer from MK deficiency based on clinical presentation. For the 
majority of cases, we confirmed the tentative clinical diagnosis by the measurement of 
MK activities, which ranged from below detection level (< 0.5 pmol/mg protein*min) 
to ~10% of control values. In our cohort of 57 patients we detected 39 different 
mutations (marked with an asterisk in table 1), which we consider to be pathogenic. 
Of these, 24 were among the 48 mutations previously reported (by us and others) 
while 15 represent novel mutations, bringing the total number of known pathogenic 
mutations in the MVK gene to 63. These 63 mutations are summarized in table 1 and 
include 42 missense and 5 nonsense mutations, 9 deletions, 4 insertions, 2 splicing 
defects and 1 complex mutation comprising a combination of a deletion and an 
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insertion. In addition to these pathogenic mutations, 15 polymorphisms have been 
identified in the MVK gene including 4 new polymorphisms reported in this report. 
 
Genotype-phenotype correlation in MKD 
In order to study whether the identified mutations affect the catalytic properties or 
the protein stability/ folding of MK, we cultured skin fibroblasts from control subjects 
and MKD patients with different genotypes in standard medium with 10% FCS at 
37°C, or in standard medium with lipoprotein-depleted FCS at 37°C, or in standard 
medium with 10% FCS at 30°C, or in standard medium with 10% FCS and 10% 
glycerol at 37°C. In standard medium with 10% FCS at 37°C, all MKD cell lines tested 
showed markedly decreased MK activities with the amount of residual activity 
depending on the mutations (table 2, figure 1). The residual MK activity appeared to 
correlate well with the clinical presentation of the MKD patients. In all fibroblasts 
from MKD patients with the HIDS phenotype the residual MK activities were more 
than 1 pmol/min*mg protein (figure 1A) whereas in fibroblasts from MKD patients 
with the MA phenotype residual MK activities are below 1 pmol/min*mg protein 
(figure 1B). For most patient cell lines the residual MK activities also correlate well 
with the amount of MK protein determined in the same lysates, as visualized by 
western blot analysis of the cell lysates using antibodies against MK (figure 1A).  
 
Culturing of fibroblasts in lipoprotein-depleted medium is known to result in 
enhanced transcription rates of genes encoding isoprenoid/ sterol biosynthetic 
enzymes (23;24) and therefore is predicted to cause increased residual MK enzyme 
activities in the patients’ cell lines. Indeed, in all cell lines from patients with the 
HIDS phenotype we detected an increase in residual MK activity, which correlates 
well with increased MK protein levels on immunoblot (figure1). An increase in MK 
protein was also observed in several cell lines of patients with the MA phenotype, 
notably in the cell lines from a patient homozygous for the V310M mutation and from 
patients heterozygous for the A334T mutation. MK activity, however, remained hardly 
or not detectable in most of the MA cell lines. 
 
To allow distinction between mutations directly affecting the catalytic activity and 
mutations affecting folding and/ or stability of MK protein, we cultured the various 
cell lines under conditions which are known to promote a more controlled folding of 
mutant proteins that are affected in folding/ stability rather than catalytic activity. 
These include culturing at 30°C and at 37°C in the presence of the ‘chemical 
chaperone’ glycerol. All fibroblasts from patients with the HIDS phenotype showed 
markedly increased residual MK activities and increased MK protein levels on 
immunoblot when compared to standard culturing conditions, indicating that these 
mutations affect stability and/ or folding of the protein. A similar observation was 
made for the cell lines from the MA patients with the I268T/ I268T and fs/ R388X 
genotypes although the activities remained very low. In the remaining 6 MA cell lines 
hardly or no increase in MK protein and activity was observed although in three cell 
lines (V310M-V310M, H20P-A334T, fs-A334T) after culturing at 30°C as well as in 
the presence of glycerol, MK protein levels were increased. 
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Table 1  Mutations in the MVK gene in MKD patients      
                                                                                                                    pp               

Type of 
mutation     

Intron/
Exon     

Nucleotide change Predicted 
protein 
or transcript 
change 

Allele 
frequency 
  %      
(n/n)6                                                        

Reference 

missense Exon 2 c.58C>A¹ p.H20N    (43) 
 Exon 2 c.59A>C* p.H20P    5.66   

(6/106) 
(44) 

 Exon 2 c.60T>A* p.H20Q   1.89   
(2/106) 

(45) 

 Exon 3 c.104T>C²,* p.L35S   1.89   
(2/106) 

(46) 

 Exon 3 c.116T>C* p.L39P   0.94   
(1/106) 

(47;48) 

 Exon 5 c.394G>A p.V132I  (49) 
 Exon 5  c.404C>T* p.S135L   0.94   

(1/106) 
(50;51) 

 Exon 5 c.439G>A* p.A147T   0.94   
(1/106) 

this article 

 Exon 5 c.442G>A* p.A148T   0.94   
(1/106) 

(52) 

 Exon 5 c.449C>T¹ p.S150L  (53) 
 Exon 5 c.500C>T* p.P167L   0.94   

(1/106) 
(54) 

 Exon 6 c.604G>A¹ p.G202R  (55) 
 Exon 6 c.608T>C p.V203A  (56) 
 Exon 6 c.613A>G* p.N205D   0.94   

(1/106) 
this article 

 Exon 6 c.625A>G* p.T209A   1.89   
(2/106) 

(57) 

 Exon 7 c.632G>C* p.G211A   0.94   
(1/106) 

(58) 

 Exon 7 c.632G>A p.G211E  (59) 
 Exon 7 c.644G>A¹ p.R215Q  (60) 
 Exon 8 c.700T>C* p.L234P   0.94   

(1/106) 
this article 

 Exon 8 c.709A>T* p.T237S   1.89   
(2/106) 

this article 

 Exon 8 c.728C>T¹ p.T243I  (61) 
 Exon 8 c.748G>A* p.V250I   0.94   

(1/106) 
(62) 

 Exon 9 c.790C>T* p.L264F   3.77   
(4/106) 

(63) 

 Exon 9 c.794T>C¹ p.L265P  (64) 
 Exon 9 c.794T>G* p.L265R   0.94   

(1/106) 
(65) 

 Exon 9  c.803T>C* p.I268T 14.15  
(15/106) 

(66) (67) 

 Exon 9 c.815C>T* p.S272F   1.89  
(2/106) 

(57) 

 Exon 9 
Exon 9 

c.829C>T* 

c.830G>A 
p.R277C 
p.R277H 

  2.83   
(3/106) 

(57) (68) 

 Exon 10 c.902A>C* p.N301T   0.94   
(1/106) 

(69) 

 Exon 10 c.924C>T p.L308L  (70) 
 Exon 10 c.925G>A¹ p.G309S  (71) 
 Exon 10 c.928G>A* p.V310M   2.83   (72) 
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(3/106) 
 Exon 10 c.965C>G* p.T322S   1.89   

(2/106) 
this article 

 Exon 10 c.976G>A¹ p.G326R  (73) 
 Exon 10 c.987C>A¹ p.S329R  (74) 
 Exon 10 c.1000G>A* p.A334T   2.83   

(3/106) 
(75) 

 Exon 11 c.1067C>T p.T356M  (76) 
 Exon 11 c.1127G>T p.G376V  (77) 
 Exon 11 c.1129G>A* p.V377I 32.08   

(34/106) 
(78) (79) 

 Exon 11 
Exon 11 

c.1132T>C 
c.1139A>G 

p.S378P 
p.H380R 

 (80) (81) 

nonsense Exon 2 c.37A>T* p.K13X   0.94   
(1/106) 

(82) 

 Exon 3 c.185G>A* p.W62X   0.94   
(1/106) 

(83) 

 Exon 5 c.447C>G* p.Y149X   0.94   
(1/106) 

(84) 

 Exon 6 c.564G>A p.W188X  (85) 
 Exon 11 c.1162C>T* p.R388X   0.94   

(1/106) 
(57) 

deletion Exon 2 c.-14_78del³ exon 2 skipping  (86) 
 Exon 2 c.16_34delCTACTGGTG

TCTGCTCCG 
p.L6fs  (87) 

 Exon 3 c.79_226del4 exon 3 skipping  (88) 
 Exon 3 c.129_130delCC* p.H44fs   0.94   

(1/106) 
this article 

 Exon 4 c.277_283delGAGGTTG
* 

p.E93fs   0.94   
(1/106) 

this article 

 Exon 4 c.340_344delTACTT* p.Y114fs   0.94   
(1/106) 

this article 

 Exon 5 c.372_527del³ exon 5 skipping  (89) 
 Exon 6 c.571_572delC* p.Q190fs   0.94   

(1/106) 
this article 

 Exon 11 c.1095_1098delTGAC* p.D366fs   0.94   
(1/106) 

this article 

insertion Exon 2 c.72_73insT ²,* p.G25fs   0.94   
(1/106) 

this article 

 Exon 5 c.417_418insC* p.G140fs   0.94   
(1/106) 

this article 

 Exon 5 c.421_422insG* p.A141fs   0.94   
(1/106) 

(90) 

 Exon 6 c.606_607insG* p.V203fs   0.94   
(1/106) 

this article 

complex Exon 5 c.503_512delTGAAGGA
CGGinsAC* 

p.L168fs   0.94   
(1/106) 

this article 

splice site Exon 2 
Intron 7 

c.75C>T5 

c.678-1G>C* 
p.G25fs  
exon 8 skipping 

 
  0.94   
(1/106) 

(91) 
this article 

1 identified by MVK cDNA analysis only. 
2 Previously mentioned in (92) 
3 skipping of exon 2 and 5 identified by cDNA analysis. Responsible mutations at genomic level unknown. 
4 skipping of exon 3 identified by cDNA analysis. Genomic DNA analysis did not reveal responsible mutation. 
5 creates a novel splice donor site 5 nt upstream of authentic donor site. 
6 n/n denotes the number of the specific mutant allele encountered among the total number of 106 mutant alleles 
examined (excluding siblings). 

* mutations found in our cohort 
Reference MVK sequence: GenBank Accession NM_000431. Nucleotide numbering starts with the A of the ATG 
translation initiation codon as +1. 
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Table 2 Polymorphisms in the MVK gene 
                                                                                                                                                           
p 
Intron/Exon     Nucleotide 

change 
Predicted 
protein 
or transcript 
change                                                                    

Reference 

Intron 2 c.78+61A>G  (93) 

Intron 2 c.78+177G>A  (94) 

Intron 2 c.79-62G>A  (95) 

Exon 3 c.155G>A* p.S52N (96) 

Intron 4 c.371+8C>T*  (97) 

Exon 5 c.405G>A* p.S135S (98) 

Exon 5 c.510C>T* p.D170D (99) 

Intron 6 c.632-18A>G*  (100) 

Exon 8 c.684A>G7, * p.P228P this article 

Intron 8 c.769-7T>G*  this article 

Intron 8 c.769-38C>T*  this article 

Intron 9 c.885+24G>A*  this article 

Exon 10 c.924C>T p.L308L (101) 

3'UT + 11 c.1202C>T  (102) 

3'UT + 54 c.1245_1246insG¹  (103) 

1 identified by MVK cDNA analysis only. 
2 allelic with L234P mutation. 
* polymorphisms found in our cohort  
Reference MVK sequence: GenBank Accession NM_000431. Nucleotide numbering starts with the A of the ATG 
translation initiation codon as +1. 

 
 
Table 3  MK activity in fibroblasts from control and MKD patients  
 

 
BD = below the detection level (<0.5 pmol/min*mg protein); NA = not applicable 
Ratios between indicated condition and standard conditions are displayed within parentheses. 

 
 



                                                                     Mutations and genotype-phenotype correlations in MKD 

 

 37 

 
 

 
 
Figure 1: MK activity and immunoblot analysis of MK in fibroblasts from control and MKD patients 
expressed as pmol/ min*mg protein cultured at standard conditions (N), with lipoprotein-depleted FCS 
(D), at 30 °C (30) and in the presence of glycerol (G). 
A. Control and HIDS cell lines 
B. MA cell lines 

* below the detection level (<0.5 pmol/min*mg protein) 

 
Discussion 
 
Since the discovery of the molecular defect underlying the hyper-IgD and periodic 
fever syndrome (25;26) and the subsequent elucidation of the genomic structure of 
the MVK gene at chromosome 12q24 (27), we have analyzed the MVK gene in 57 
patients diagnosed with MKD based on clinical symptoms and, in most cases, 
deficient MK activities. The molecular analysis involves sequencing of the coding 
regions of all 11 exons plus flanking intronic sequences amplified by PCR from 
genomic DNA of patients using MVK gene-specific primers (28). This strategy has 
proven to be very reliable as we identified either one homozygous mutation or two 
compound heterozygous mutations in all 57 patients, including 41 patients with 
enzymatically proven MKD. Of the 53 patients (excluding 4 siblings), 14 were 
apparent homozygotes for whom homozygosity was confirmed in 5 patients by 
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parental DNA testing. The other 39 patients were heterozygotes for two different 
mutations, with compound heterozygosity confirmed in 23 patients by parental DNA 
testing. Of the remaining 16 heterozygotes, 12 were heterozygous for the common 
V377I mutation, highly suggestive that they also are compound heterozygotes because 
so far no mutations in cis with the V377I has been identified.  
In our cohort of 57 patients, we identified 39 different disease-causing mutations, the 
majority of which were missense mutations (24). In addition, we found 4 nonsense 
mutations, 5 deletions, 4 insertions, 1 splice acceptor site mutation and 1 complex 
mutation involving both a deletion and an insertion. The disease-causing nature of 
the identified mutations was concluded from the fact that they all were found in 
patients clinically suspected to suffer from MK deficiency, whereas none of the 
mutations were found in 250 control chromosomes. Moreover, most mutations were 
associated with marked deficient MK activities in cells of the patients. This latter is 
also the case for 4 of the 5 novel missense mutations reported in this study. For the 
T322S mutation no patient cells were available. Finally, several of the mutations have 
been expressed previously in Escherichia coli and were confirmed to have a 
deleterious effect on MK activity (29;30). 
In addition to the 39 different disease-causing mutations, we identified 9 different 
polymorphisms, 4 of which are located in the coding region. Only one of these, 
c.155G>A, results in an amino acid change, p.S52N. Eight of the 9 single nucleotide 
changes are considered polymorphic because they are rather frequently observed also 
in the MVK gene of individuals that do not exhibit deficient MK activities. The 
c.684A>G (p.P228P) mutation, however, has only been found once in cis with the 
disease-causing p.L234P mutation and, based on the fact that it does not involve an 
amino acid change, is also considered to be polymorphic. 
Of the 39 disease-causing mutations identified in our cohort, 24 have been reported 
previously by others and/or ourselves. In total, 63 different mutations have now been 
reported in patients diagnosed with MKD (table 2, but see also INFEVERS 
DATABASE at http://fmf.igh.cnrs.fr/infevers)(31;32). Many of the other reported 
mutations have been identified by sequencing of reverse-transcribed MVK mRNA (i.e. 
cDNA). However, this strategy may not always identify two disease-causing mutations 
(e.g (33;34)) or may only detect an exon skipping event without identifying the actual 
causative splice site mutation (e.g. the 79_226 deletion and the 372_527 deletion in 
table 1).  
The most common mutation in MKD is the p.V377I mutation, which is exclusively 
associated with the HIDS phenotype and in fact is found in compound heterozygous 
state in the vast majority of patients with the HIDS phenotype. Other common 
mutations, including p.H20P, p.I268T, p.V310M, p.A334T, p.L264F, have been found 
both in patients with the HIDS phenotype and the MA phenotype, or only in patients 
with the MA phenotype. 
In our cohort we identified 39 patients with the HIDS phenotype of whom 33 were 
compound heterozygotes for the p.V377I mutation and 2 homozygotes. The 4 patients 
with the HIDS phenotype who did not carry the p.V377I mutation include 3 
compound heterozygotes for a p.A148T and p.I268T, a p.N205D and a p.Y114fs, 
p.P167L and a p.I268T mutation and one homozygote for a p.T209A mutation. The 
fact that the p.I268T mutation is found also in patients with the MA phenotype and 
the p.Y114fs mutation leads to a truncated protein indicates that the p.A148T, 
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p.N205D, p.P167L and p.T209A mutations are responsible for the HIDS phenotype 
and residual MK activities in the patients, similarly as previously concluded for the 
p.V377I mutation (35;36). Indeed, this was confirmed in studies with available skin 
fibroblasts from these and other MKD patients. In these studies we determined the 
effect of mutations on MK activity and protein levels under different culture 
conditions. These include standard conditions (i.e. standard medium with 10% FCS), 
conditions that lead to transcriptional induction of genes encoding enzymes involved 
in isoprenoid biosynthesis, including MVK (i.e. medium depleted for lipoproteins), 
and conditions that may promote a more controlled folding of precursor proteins into 
their mature conformation (i.e. growth at 30°C or growth in the presence of a 
“chemical chaperone” glycerol). The combined results of these studies indicate that 
the residual MK activities in cells from patients with the HIDS phenotype are all 
increased by the three specific culture conditions when compared to the standard 
condition. When we applied the Friedman test (i.e. non-parametric paired ANOVA 
analysis) followed by the post-hoc Dunn’s test, we find significant increase in MK 
activity  after culturing in lipoprotein-depleted medium (p<0.01) and medium with 
glycerol (p<0.01). Overall, the increase in activity correlates well with the increase in 
MK protein as determined by immunoblotting. This implies that, similar as previously 
reported for the p.V377I and the p.A148T mutations (37), the p.N205D and p.T209A 
mutations also exhibit temperature sensitivity with respect to MK activity (and 
protein levels) and that these mutations primarily affect folding (or stability) of the 
encoded mutant protein rather than the catalytic activity. 
Also in some cells from patients with the MA phenotype a temperature and culture 
condition-dependent induction of MK protein levels can be observed. In several cases 
this also correlates with a small increase in MK activity (which nevertheless remains 
very low), although the correlation between protein levels and activity is not as clear 
as observed in cells from patients with the HIDS phenotype. Moreover, in a few cell 
lines we did not measure increased activities although the MK protein levels increased 
under the specific culture conditions. These combined findings indicate that the 
mutations found in patients with the MA phenotype have a more deleterious effect on 
MK protein folding and/or a direct effect on catalytic activity of the enzyme. Indeed, 
this latter has been demonstrated for the p.A334T mutation, which is located in a 
region of the MK protein involved in the binding of its substrate mevalonate. As a 
consequence of the p.A334T change, the Km for mevalonate has increased 30-fold 
(38), which means that the enzyme is still catalytically active but requires far more 
mevalonate than normally used in the enzyme activity assay to be measured 
accurately.  
To conclude, MKD is an autosomal recessive auto-inflammatory disorder due to a 
defect in isoprenoid biosynthesis, for which we found a rather good genotype-
phenotype correlation. This is true for both the clinical phenotype and the 
biochemical phenotype, in particular the residual MK enzyme activity in cells from 
patients. Indeed, the measurement of MK activity in patient cells appears more 
informative than predicting the effect of a certain mutation on the basis of the crystal 
structure of MK (39), since, based on this structure, the common p.V377I mutation 
was postulated not to have any significant effect on the structure and activity of MK 
(40).  
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The finding that in particular in cells from patients with the HIDS phenotype, the 
residual MK activities can be manipulated by environmental conditions, may offer 
therapeutic possibilities to alleviate the clinical symptoms or even prevent the onset of 
these. In this respect one could think of low-fat diets, in order to induce the 
transcription of the MVK gene (comparable to growing cells in lipoprotein-depleted 
medium), or the use of small compounds that may act as chemical chaperones and 
assist in a more controlled folding of proteins with mild folding defects (41;42). 
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Abstract 
 
Mevalonate kinase deficiency (MKD) is an autosomal recessive metabolic disorder 
characterized by recurring episodes of high fever and inflammation. The enzyme 
mevalonate kinase (MK) catalyzes the phosphorylation of mevalonic acid, which is an 
early step in isoprenoid biosynthesis. How a defect of isoprenoid biosynthesis 
contributes to (periodic) fever and inflammation remains unclear. In MKD patients 
both pro- and anti-inflammatory cytokines are elevated suggesting that a 
dysregulation of the cytokine network could play role in the pathogenesis of MKD. To 
gain further insight in this, we studied the effect of MKD on the expression of genes 
and proteins involved in the cytokine responses after ex vivo lipopolysaccharide (LPS) 
stimulation of peripheral blood mononuclear cells (PBMCs) from MKD patients and 
control subjects. 
Cytokine protein expression analysis using cytokine antibody arrays showed that the 
secretion of interleukin (IL)-1β, IL-1β-dependent IL-6 and GRO (growth related 
oncogen) cytokines and, to a lesser extent, TNF-α is markedly higher in LPS-
stimulated blood samples from the MKD patients than in those from the control 
subjects.  
mRNA expression arrays indicated that the transcription of the genes encoding IL-1β, 
IL-1α, IL-6 and TNF-α is somewhat higher in LPS-stimulated PBMCs from the MKD 
patients than in those from control PBMCs. Our combined results suggest that the 
mechanism of inflammatory response after LPS stimulation does not differ much 
between MKD and control PBMCs, but that MKD cells show a stronger and faster 
response leading to higher levels of IL-1β and a more activated cytokine network. 
 

Introduction 
 
Recurrent episodes of high fever and inflammation are the most characteristic clinical 
features of mevalonate kinase deficiency (MKD). These episodes are often 
accompanied by headache, arthritis, nausea, abdominal pain, diarrhea, and skin rash 
(1;2). Originally, two distinct syndromes had been defined, classic mevalonic aciduria 
(MA) (3) and hyper-IgD and periodic fever syndrome (HIDS) (4), which are now 
known to represent the severe and mild presentation of MKD (5). Patients with the 
MA presentation show, in addition to the inflammatory episodes, developmental 
delay, dysmorphic features, ataxia, cerebellar athrophy, and psychomotor retardation 
and may die in early childhood (6).  
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During fever episodes, MKD patients show an acute phase response including 
leukocytosis, granulocytosis, increased erythrocyte sedimentation rate, high levels of 
serum amyloid A, C-reactive protein, fibrinogen, soluble type II phospholipase A2 and 
α1-glycoprotein (7). The levels of α1-glycoprotein are also elevated between the fever 
episodes, indicating a persistent state of inflammation (8). The acute phase response 
during the fever episodes correlates well with the cytokine alterations that have been 
reported in previous studies. These revealed that during the fever episodes the 
circulating interleukin (IL)-6, IL-1ra, sTNFr p55, sTNFr p75 are elevated in MKD 
patients (9). In addition, ex vivo stimulation of peripheral blood mononuclear cells 
(PBMCs) from MKD patients  with lipopolysaccharides (LPS) also resulted in elevated 
levels of IL-1β, TNF-α and IL-1 receptor antagonist (IL-1ra) (10;11). These data point 
to an activation of monocytes/ macrophages in vivo. 
MKD is caused by a deficient activity of the enzyme mevalonate kinase (MK), which  
catalyzes the phosphorylation of mevalonic acid, an early step in isoprenoid 
biosynthesis pathway. Isoprenoids function in a variety of biological processes such as 
cell proliferation and differentiation, glycosylation and intracellular signal 
transduction (12). At this moment it is not clear how a defect of isoprenoid 
biosynthesis contributes to (the onset of) recurrent fever and inflammation 
In this pilot study, we have compared the cytokine and chemokine profiles induced by 
LPS-stimulation of PBMCs from MKD patients with those from control subjects with 
the aim to obtain insight into possible mechanisms that may lead to a dysregulation of 
the cytokine response in MKD. 
 

Materials and Methods 
 
After approval by the ethical review board and obtaining written informed consent 
from the parents, blood was drawn from MKD patients by venipuncture in sterile 
pyrogen-free heparinized tubes (Vacuette, Greiner Bio-one). The patients included in 
this study all clinically present with the HIDS phenotype and were afebrile at the time 
of sampling. Healthy volunteers served as controls.  
PBMCs were isolated by density gradient centrifugation using Lymphoprep TM 
according to the supplier’s protocol (Axis-Shield, Oslo, Norway). 2x106 PBMCs per 
well were seeded and cultured in 12 well-flat-bottom microtiter plates in RPMI 1640 
(Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal calf 
serum (Gibco), 10 mM HEPES (Gibco) and 1% penicillin-streptomycin at 37°C in a 
humidified atmosphere containing 5% CO2 in air. After 18 hours, E. coli 055:B5 
lipopolysaccharide (LPS) (Sigma, final concentration of 200 ng/ml) or medium was 
added to the cultures followed by 4 hours of additional incubation. After this, 
supernatants were collected by centrifugation (10 minutes; 750 g) and stored at –

80°C until analysis. The cell pellets were washed once with phosphate-buffered saline 
and twice with 0.9% NaCl, dissolved in TRIzol (Invitrogen, Carlsbad, CA) and stored 

at –80°C until analysis. 
Fresh blood samples of patients and controls were diluted 1:3 in RPMI 1640 (Gibco, 
Invitrogen, Carlsbad, CA) supplemented with 10 mM HEPES (Gibco) and 1% 
penicillin-streptomycin and cultured in 96 well-flat-bottom microtiter plates in a total 
volume of 100 µl. After 18 hours, E. coli 055:B5 LPS (Sigma, final concentration of 
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100 ng/ml) or medium was added to the whole blood cultures followed by 24 hours of 
additional incubation.  
 

Cytokine Measurements 
Antibody array analysis were performed using the Human Cytokine Antibody Array 
membranes C series 2000 (RayBiotech, Norcross, GA, USA) according to the 
manufacturer’s instructions. With these blots 174 different cytokines and chemokines 
can be detected (for detailed table, see addendum 1). Densitometric analysis of the 
immunoblots was performed using the Advanced Image Data Analyzer (AIDA) 
software (Raytest, Strauenhardt, Germany). 
IL-1β, IL-6, IL-10, IFN-γ and TNF-α were measured in duplicate in thawed 
supernatant and whole blood samples, using commercially available enzyme-linked 
immunosorbent assays (Pelikine-compactTM human IL-1β, IL-6, IL-10, IFN-γ and 
TNF-α ELISA kits, Sanquin, Amsterdam, The Netherlands) according to the 
manufacturer’s instructions. 

 
Quantitative real-time RT-PCR analysis 
The relative expression levels of IL-1β, GRO (growth related oncogen) and β-actin 
mRNAs were determined with the LightCycler System using the LightCycler FastStart 
DNA Master SYBR green I kit (Roche, Mannheim, Germany). To this end, total RNA 
(free of genomic DNA by using RNase-free DNase (Promega, Madison, WI, USA)) was 
isolated from PBMCs using the TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), 
after which first strand cDNA was prepared using the first strand cDNA synthesis kit 
for RT-PCR (AMV) according to the manufacturer’s instructions (Roche, Mannheim, 

Germany). The IL-1β cDNA fragment was amplified using primers: Fw 5’-
AGAAGAACCTATCTTCTTCGAC-3’ and Rev 5’-ACTCTCCAGCTGTAGAGTGG-3’. GRO 
cDNA primers were: Fw 5’-TGCGCCCAAACCGAAG -3’ and Rev 5’-
TGCAGGATTGAGGCAAGCTT -3’. The β-actin cDNA fragment was amplified using 
the following primer set: Fw 5’-GGCACCAGGGCGTGATGG-3’ and Rev 5’-
GTCTCAAACATGATCTGGGTC-3’. Data were analyzed using LightCycler Software, 
version 3.5 (Roche, Mannheim, Germany) and the program LinRegPCR, version 7.5 
(13) for analysis of real-time PCR data. To adjust for variations in the amount of input 

RNA, the levels of the IL-1β and GRO cDNAs were normalized against the levels of the 
housekeeping gene β-actin. 
 
mRNA expression analysis 
mRNA expression analysis was performed using the Oligo GEArrays Toll-Like 
Receptor Signaling Pathway (EHS-018.2) and Autoimmune and Inflammatory 
Response (OHS-803) from SuperArry Bioscience Corporation (Frederick, MD, USA) 
following the manufacturer’s protocol. In total, the two combined arrays include 
oligonucleotides that recognize 505 different transcripts of genes involved in these 
pathways and processes (for detailed gene tables, see addendum 2). Briefly, 500 ng 
total RNA isolated from PBMCs was reverse transcribed into Biotin-16-dUTP-labled 
cRNA probes with the use of True Labeling-AMPTM 2.0 (SuperArray Bioscience) 
according to the manufacturer's protocol. The Oligo GeArray membranes were 
prehybridized at 60 °C for at least 2 hours. Hybridization was carried out by 
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incubation of the membranes with Biotin-labled cRNA (2µg) probes at 60 °C 
overnight. The hybridized membranes were washed twice in 2×SSC with 1% SDS and 
once in 0.1×SSC with 0.5% SDS, further incubated with alkaline phosphatase-
conjugated streptavidin and finally developed with CDP-Star chemiluminescent 
substrate. Images were quantified using data analysis software (GEArray Expression 
Analysis Suite). 

Results 
 
Increased IL-1β levels in whole blood samples from MKD patients 
We performed a cytokine antibody array with whole blood samples from two MKD 
patients and two controls after stimulation with LPS. Of the 174 different cytokines 
and chemokines that can be detected with this array (see addendum 1), in particular 
IL-1β levels were markedly higher in MKD patients when compared to controls. In 
addition, the secreted levels of GRO (also known as chemokine (CXC motif) ligand 
(CXCL) 1,2,3), IL-6, IL-10 and TNF-α were somewhat more increased in the MKD 
samples (not shown). These data suggest that the LPS response is stronger in MKD 
patients than in control subjects. 
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Figure 1: Cytokine levels in whole blood samples from two MKD patients and two control subjects 
cultured in the absence (open bars) and presence (closed bars) of LPS. The levels were determined by 
ELISA for IL-1β (A), IL-6 (B), IL-10 (C) and TNF-α (D). 

To confirm and substantiate these observations, we performed ELISA analysis of IL-
1β, IL-6, IL-10 and TNF-α using the same whole blood samples that were used in the 

A B 

C D 
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cytokine antibody array (figure 1). The increased cytokine levels could be confirmed 
for IL-1β, IL-6 and TNF-α. IL-10 production, however, was only increased in MKD 
patient 2. GRO expression was confirmed at the mRNA level, which showed that in 
MKD cells, GRO mRNA levels were increased two-fold in comparison to those in 
control cells (figure 2), which is line with the increased GRO levels observed with the 
cytokine antibody array. 
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Figure 2: Relative mRNA expression of GRO in PBMCs from two MKD patients and two control subjects, 
presented as GRO/ β-actin ratio. The mRNA expression levels were determined with the LightCycler 

system. 

 
Small differences in cytokine gene expression levels 
In order to obtain possible insight into the molecular mechanisms that regulate the 
onset of the periodic fever and inflammation in MKD, we also studied the expression 
of genes involved in cytokine response in LPS-stimulated PBMCs using Oligo 
GEArrays (figure 3). MKD and control cells did not show much difference in the 
expression of most chemokines, including CC-chemokines and CXC-chemokines. The 
mRNA levels of the genes encoding the proinflammatory cytokines TNF-α and IFN-
gamma were very low, but slightly higher in MKD than in controls. Although on the 
cytokine antibody array, IL-1α levels were barely detectable, the IL-1α mRNA was 
expressed both in MKD as in controls. The explanation for this is that IL-1α is not 
secreted from cells, but remains intracellular or is membrane bound and functions by 
cell contact or after cell lysis. Also IL-1β, IL-6 and TNF-α mRNAs were observed in 
both MKD and control PBMCs with levels somewhat higher in MKD PBMCs. Because 
the differences in IL-β mRNA levels between MKD and control PBMCs on the Oligo 
GEarray were very small in comparison to the marked difference in IL-1β protein 
levels in whole blood, we also measured IL-β mRNA expression with the LightCycler 
system using different oligonucleotide probes than used on the array. This showed a 3 
to 4-fold increase in IL-1β mRNA levels in MKD PBMCs stimulated by LPS in 
comparison to control cells stimulated by LPS (figure 4), suggesting that the probes 
used on the oligo GEarray does not recognize all IL-1β mRNAs. 
In the line with the observed mRNA levels, we measured in the supernatants of these 
PBMCs secreted IL-1β, IL-6, IL-10, IFN-γ and TNF-α (figure 5). IFN-γ was 
undetectable in supernatants of both controls and MKD patients.  
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Figure 3: Cytokine gene expression levels in PBMCs from controls and MKD patients after stimulation 
with LPS. Expression levels of the mRNAs for TNF-α (B), IFN-γ (C), IL-1α (D), IL-1β (E), IL-6 (F) were 
determined by densitometric analysis of the arrays.  
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Figure 4: Relative mRNA expression of IL-1β in LPS-stimulated PBMCs from two MKD patients and two 
control subjects, presented as IL-1β / β-actin ratio. The mRNA expression levels were determined with the 
Lightcycler system.  
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Figure 5: Cytokine levels secreted by PBMCs from two MKD patients and two control subjects, cultured in 
the absence (open bars) and presence (closed bars) of LPS.  
The levels were determined by ELISA for IL-1β (A), IL-6 (B), IL-10 (C) and TNF-α (D). 
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Discussion 
 
Cytokines are regulators of host responses to infection and injury. Some cytokines act 
proinflammatory, whereas others serve to reduce inflammation (anti-inflammatory). 
IL-1β and TNF-α are central proinflammatory and pyrogenic (fever-causing) 
cytokines, which are able to activate additional inflammatory pathways, including 
pathways producing additional cytokines, via transcription factors such as NF-κB.  
In MKD, the cytokine network is continuously activated and this dysregulation could 
play a role in the pathogenesis of this disease. In this study we tried to obtain insight 
into the molecular mechanisms that regulate the onset of or predispose to periodic 
fever and inflammation by studying the effect of MKD on the expression of genes and 
proteins involved in the cytokine response. Using cytokine antibody arrays, we 
observed as the most striking difference between MKD and control whole blood 
culture samples a marked increased protein expression of IL-1β in MKD. High IL-1β 
levels are known to lead to increased IL-6 and GRO secretion, which was confirmed 
using ELISA for IL-6 and mRNA analysis for GRO. GRO is a proinflammatory 
cytokine the expression of which is regulated by IL-1β in part through message 
stabilization (14-16). It is a chemokine specialized in recruitment of monocytes, the 
cell type that is the major source of IL-1β. The elevated GRO levels could therefore be 
both the cause as well as the result of increased IL-1β secretion.  
Expression arrays probed with cRNAs prepared from mRNAs isolated from LPS-
stimulated PBMCs from MKD patients and control subjects indicated that the 
transcription of the genes encoding IL-1 beta, IL-6 and TNF-α is more elevated in the 
PBMCs from the MKD patients than in control PBMCs. However, overall there were 
no large differences observed between the expression levels of genes involved in 
inflammation in the LPS-stimulated PBMCs from MKD patients and control subjects 
included in this pilot study.  
From our combined results it can be concluded that the mechanism of inflammatory 
response after stimulation with LPS does not differ between MKD and controls, but 
that MKD cells react stronger to a stimulus, leading to higher levels of secreted IL-1β 
and a more activated cytokine network. These results require confirmation in a larger 
group of MKD patients and control subjects. 
 
IL-1β has been postulated to play an important role in the pathogenesis of several 
autoinflammatory diseases including MKD (17). This is supported by the beneficial 
effect of treating patients with these diseases using a recombinant form of IL-1 
receptor antagonist, anakinra (18-21) . Although anakinra is not successful in all MKD 
patients, IL-1β indeed also seems to play an important role in the pathogenesis of 
MKD.  

The synthesis, processing and release of mature IL-1β are tightly regulated events (22) 
and multiple signaling pathways are involved in the transcriptional upregulation of 

proIL-1β, including pathways triggered by IL-1β itself, by other inflammatory 
cytokines such as TNF, or by various Toll-like receptor ligands such as LPS (23). The 

conversion of proIL-1β into the active mature 17 kDa IL-1β form requires the cleaving 

by the IL-1β converting enzyme (ICE, also known as caspase-1). In PBMCs and whole 
blood cultures of MKD patients the secreted IL-1β levels were 50-fold increased 
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compared to controls and at the transcription level we found a 4-fold increase in MKD 
PBMCs compared to control PBMCs. This indicates that the increased IL-1β secretion 
by MKD PBMCs and in whole blood cultures are at least partly due to an increased 
transcription level. Studies towards the exact regulation of IL-1β secretion in MKD 
may therefore aid in identifying potential therapeutic targets. 
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Addendum 1 
 
Human Cytokine Antibody Array membranes C series 2000 
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Addendum 2 
 
Toll-like Receptor Signaling Pathway 
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Addendum 3 
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Abstract 
 
Objective 
Mevalonate kinase deficiency (MKD) is an autosomal recessive disorder characterized 
by recurring episodes of inflammation. The enzyme mevalonate kinase (MK) catalyzes 
the phosphorylation of mevalonic acid, which is an early step in isoprenoid 
biosynthesis. We noticed that peripheral blood mononuclear cells (PBMCs) from 
MKD patients secrete high levels of interleukin (IL)-1β when stimulated with 
lipopolysaccharide (LPS). Why a depressed activity of MK leads to inflammation is 
still unknown, but may be due to a temporary shortage of certain isoprenoid end 
products and/ or the accumulation of mevalonic acid. 
Methods 
We studied the effect of addition of intermediate metabolites and inhibitors of the 
isoprenoid biosynthesis pathway on IL-1β secretion by PBMCs from MKD patients 
and from healthy controls. 
Results 
We show that inhibition of enzymes involved in geranylgeranyl pyrophosphate 
(GGPP) synthesis or geranylgeranylation of proteins leads to a marked increase of 
lipopolysaccharide (LPS)-stimulated IL-1β secretion in peripheral blood mononuclear 
cells (PBMCs) from control subjects. Furthermore, the increased IL-1β secretion by 
PBMCs from MKD patients is reversed by supplementation with GGPP as well as with 
mevalonic acid. IL-1β secretion was increased only when control PBMCs were 
incubated with excessive amounts of mevalonic acid. Finally, a reduction in IL-1β 
secretion by MKD PBMCs was also observed when sterol biosynthesis was inhibited 
favouring non sterol isoprenoid biosynthesis.  
Conclusions 
Our results indicate that a shortage of geranylgeranylated proteins rather than an 
excess of mevalonate is likely to cause increased IL-1β secretion by PBMCs of MKD 
patients. 
 

Introduction 
 
Mevalonate kinase deficiency (MKD) is an autosomal recessive auto-inflammatory 
disorder characterized by recurring episodes of high fever associated with headache, 
arthritis, nausea, abdominal pain, diarrhea, and skin rash (1;2). Originally, two 
distinct syndromes had been defined, classic mevalonic aciduria (MA) (3) and hyper-
IgD and periodic fever syndrome (HIDS)(4),  which, after the discovery that both  
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Figure 1: The isoprenoid biosynthesis pathway. 
Schematic overview of the isoprenoid biosynthesis pathway, indicating the various enzyme steps that have 
been inhibited in this study. 

 
disorders are caused by a deficient activity of the enzyme mevalonate kinase 
(MK)(5;6), are now recognized as the severe and mild presentation of MKD. Patients 
with the HIDS presentation typically show the recurrent episodes of fever with 
associated inflammatory symptoms (1), whereas patients with the MA presentation in 
addition to these episodes show developmental delay, dysmorphic features, ataxia, 
cerebellar athrophy, and psychomotor retardation and may die in early childhood (2).  
Cells of patients with the HIDS presentation show a residual MK enzyme activity of 1-
8% (6-8), but in cells of patients with the MA presentation the enzyme activity is 
below detection 
level (2;9;10). This difference in residual enzyme activity is also reflected in the 
occurrence of high levels of mevalonic acid in plasma and urine of patients with the 
MA presentation and low to moderate levels of mevalonic acid in patients with the 
HIDS presentation. 
Blood analyses during the episodes of fever indicate an acute inflammatory state, with 
a marked rise in serum levels of pro-inflammatory cytokines, such as interleukin (IL)-
6 and interferon gamma (IFN-γ) (11;12). Also, between attacks, isolated peripheral 
blood mononuclear cells (PBMCs) from MKD patients secrete increased amounts of 
pro-inflammatory cytokines, such as IL-1β (13;14). IL-1β is the prototypic 
proinflammatory cytokine and appears to play an important role in the pathogenesis 
of several autoinflammatory diseases including MKD (15). This is supported by the 



Chapter 4 
 

 64 

beneficial effect of a recombinant form of IL-1 receptor antagonist, anakinra, used in 
the treatment of those autoinflammatory diseases (16-22). 
MK catalyzes the ATP-dependent phosphorylation of mevalonate to produce 5-
phosphomevalonate and is the first enzyme to follow the rate-limiting and highly 
regulated enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase in the 
isoprenoid biosynthesis pathway (figure 1) (23). The isoprenoid biosynthesis pathway 
provides cells with several bioactive molecules, including isoprenyl groups, the 
polyprenyl chain of heme A, dolichol and sterols. The isoprenyl groups come in two 
forms: the farnesyl groups (from farnesylpyrophosphate) and the geranylgeranyl 
groups (from geranylgeranylpyrophosphate). Both can be attached to proteins of the 
Ras superfamily. Although the precise molecular mechanism by which a depressed 
activity of MK leads to increased IL-1β secretion and fever episodes is still unknown, 
there are indications that it is due to a temporary shortage of certain isoprenylated 
proteins (24). 
Recently, Simon et al. reported the outcome of simvastatin treatment of 6 patients 
with the HIDS phenotype, which led to shorter periods of fever in most patients (25). 
The rationale for testing simvastatin in these patients was based on the assumption 
that the elevated mevalonic acid levels in patients are causing the inflammation.  
Since statins, such as simvastatin, are competitive inhibitors of HMG-CoA reductase, 
this treatment will lead to a lowering of mevalonate levels and thus was predicted to 
reduce inflammation.  
In contrast, we previously reported that not the elevated mevalonic acid levels but a 
shortage of isoprenoid end products contribute to the inflammation in MKD 
(14;24;26). In order to resolve this apparent discrepancy, we studied the 
inflammatory response of both MKD and control PBMCs by measuring IL-1β 
secretion upon stimulation with lipopolysaccharide (LPS) after exposing the cells to a 
concentration range of mevalonate. Furthermore, we studied the effect of various 
enzyme inhibitors and intermediate metabolites of the isoprenoid biosynthesis 
pathway on IL-1β secretion by PBMCs of MKD patients and controls. Our results 
indicate that increased IL-1β secretion is correlated with a shortage of certain non-
sterol isoprenoids rather than elevated mevalonic acid levels. 
 

Materials and methods 
 
After approval by the ethical review board and written informed consent by their 
parents, blood was drawn from MKD patients by venipuncture in sterile pyrogen-free 
heparinized tubes (Vacuette, Greiner Bio-one). Healthy volunteers served as controls. 
Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 
centrifugation using Lymphoprep TM according to the supplier’s protocol (Axis-Shield, 
Oslo, Norway). 1x105 cells per well were seeded in 96 well-flat-bottom microtiter 
plates in RPMI 1640 (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% heat-
inactivated fetal calf serum (Gibco), 10 mM HEPES (Gibco) and 1% penicillin-
streptomycin. Next, PBMCs were incubated with culture medium containing the 
indicated compound at 37°C in a humidified atmosphere containing 5% CO2 in air. 
After 18 hours of incubation, E. coli 055:B5 LPS (Sigma, final concentration of 100 
ng/ml) or medium was added to the cultures followed by 24 hours of additional 

incubation. After this, supernatants were collected and stored at –20 °C until analysis.  
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Mevalonate was prepared by hydrolyzation of mevalonic acid lactone with 0.1 M 
NaOH, followed by neutralization and stabilization at pH 7.4 with 1 M HEPES and 0.1 
M HCl. Simvastatin and Zaragozic acid A (ZAA) were prepared as previously 
described (27). 
Farnesyl transferase inhibitor and geranylgeranyl transferase inhibitor (FTI-277 and 
GGTI-298, Calbiochem) were also dissolved in DMSO (20 mM). Pamidronate (a gift 
from Novartis) was dissolved in distilled water (10 mM). 
 
Cytokine Measurements 

IL-1β concentrations were measured in duplicate in thawed supernatant samples, 
using commercially available enzyme-linked immunosorbent assays (Pelikine-
compact TM human IL-1β ELISA kit, Sanquin Amsterdam, the Netherlands) according 
to the manufacturer’s instructions. 

 
Statistic analysis 
P-values were calculated using a Friedman paired nonparametric ANOVA test 
followed by Dunn’s multiple comparisons test or a two tailed Wilcoxon matched pairs 
test. All results are expressed as mean ± standard error of the mean. 

 
Results 
 
Effect of inhibition upstream of MK and of mevalonic acid supplementation 
The effect of inhibiting HMG-CoA reductase, which is the enzyme preceding MK, was 
studied by incubation of PBMCs from MKD patients and control subjects with or 
without 5 µM simvastatin, followed by stimulation with LPS. In the absence of 
simvastatin, the stimulation of IL-1β secretion by LPS was higher in MKD PBMCs 
than in control PBMCs, whereas LPS-stimulated IL-1β secretion was markedly 
increased after incubation with simvastatin both in control and MKD PBMCs (figure 
2A). These results indicate that lowering of the levels of mevalonate and/or 
downstream isoprenoids, leads to an increase in IL-1β secretion. 
 
To investigate whether elevated mevalonate levels also can be pro-inflammatory, we 
next determined LPS-induced IL-1β secretion of PBMCs from control subjects and 
MKD patients when these are exposed to increasing concentrations of mevalonate. 
Incubation of freshly isolated PBMCs from control subjects with mevalonate 
concentrations ranging from 0 to 10 mM only resulted in a noticeable increase of LPS-
stimulated IL-1β secretion at 5 and 10 mM (figure 2B). When PBMCs of MKD patients 
were incubated with the same mevalonate concentration range, we observed a marked 
decrease in IL-1β secretion with increasing mevalonate concentrations (figure 2B).  
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Figure 2: The effect of inhibition upstream of MK and mevalonic acid supplementation. 
A: IL-1β secretion by PBMCs from 4 controls (shaded bars) and 4 MKD patients (closed bars). Cells were 
incubated in the absence or presence of simvastatin for 18 hours and stimulated for 24 hours with LPS. B: 
The effect of mevalonate on IL-1β secretion by PBMCs from controls (shaded bars) and MKD patients 
(closed bars). Presented are the mean IL-1β concentrations determined in independent incubations using 
PBMCs obtained from 7 different controls and 3 different MKD patients. Incubations with 10 mM 
mevalonate were performed in PBMCs from 3 controls and 2 MKD patients.  
Data are expressed as mean ± standard error of the mean. 

 
 
Effect of inhibition of enzymes located downstream of MK 
The reduced IL-1β secretion observed after mevalonate supplementation supports the 
hypothesis that the LPS-induced IL-1β secretion by PBMCs from MKD patients is due 
to a shortage of one of the isoprenoid end products and not to elevated mevalonate 
levels. To further substantiate this we studied the effect of inhibiting different 
enzymes located downstream of MK in the isoprenoid biosynthesis pathway. To this 
end, we incubated control PBMCs with increasing concentrations of pamidronate, 
which inhibits farnesyl pyrophosphate synthase, the enzyme that catalyzes the 
formation of geranyl pyrophosphate and farnesyl pyrophosphate (figure 1). This 
incubation resulted in a significant elevation of the LPS-stimulated IL-1β secretion 
(figure 3A), confirming that a shortage of isoprenoid end products plays a role in the 
elevated LPS-stimulated IL-1β secretion. 
 
Both simvastatin and pamidronate inhibit the synthesis of sterol as well as non-sterol 
isoprenoid end products. Because our previous results indicated that the shortage 
underlying the symptoms in MK deficiency most probably concerns non-sterol 
isoprenoid end products (14;24;26), we next studied the effect of increasing 
concentrations of Zaragozic acid A (ZAA) on IL-1β secretion by control and MKD 
PBMCs. ZAA is a specific inhibitor of squalene synthase, the first enzyme committed 
exclusively to sterol isoprenoid biosynthesis. Thus, ZAA will inhibit the synthesis of 
sterol isoprenoids and, by doing so, promote the synthesis of non-sterol isoprenoids 
(figure 1). Moreover, the reduction in the synthesis of sterol end products will lead to 
increased transcription of early isoprenoid biosynthetic genes (23). Consequently, it 
can be expected that the incubation of MKD PBMCs with ZAA results in a reduced 
LPS-stimulated IL-1β secretion, which was indeed observed (figure 3B).   



                                                                                     A role for geranylgeranylation in IL-1β secretion 
 
 

 67 

 

0 50 100 200
0

1000

2000

3000

4000

5000

6000

*

*A

Pamidronate ( µµµµM)

IL
-1

ββ ββ
 (

p
g

/m
l)

0

100

200

300

MKD

control

400

800

1200

0 25 50 100

B

*
*

ZAA (µµµµM)

IL
-1

ββ ββ
 (

p
g

/m
l)

Figure 3: The effect of inhibiting enzymes located downstream of MK. 
A: IL-1β secretion by LPS-stimulated PBMCs from 4 controls in the absence or presence of pamidronate. 
Values that differ significantly (p<0.05) from concentrations determined in PBMCs stimulated in the 
absence of pamidronate are marked with an *. 
B: IL-1β secretion by PBMCs from 4 controls (shaded bars) and 4 MKD patients (closed bars), stimulated 
with LPS in the absence or presence of ZAA. Values that differ significantly (p<0.05) from concentrations 
determined in PBMCs incubated in the absence of ZAA are marked with an *. 
Data are expressed as mean ± standard error of the mean. 

 
 
Role of isoprenylated proteins in IL-1β secretion  
The previous experiment pointed to a role for non-sterol isoprenoid end products in 
IL-1β secretion. The most prominent non-sterol isoprenoids with a known biological 
function are the farnesyl and geranylgeranyl moieties, derived from farnesyl 
pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), respectively. Both 
can be covalently attached to proteins in a process known as protein isoprenylation. 
To determine whether the increased IL-1β secretion is due to a shortage of farnesyl or 
geranylgeranyl moieties, we tested the effect of incubation of control PBMCs with 
farnesyl transferase inhibitor (FTI) or geranylgeranyl transferase inhibitor (GGTI) on 
LPS-stimulated IL-1β secretion. This showed that inhibition of geranylgeranyl 
transferase led to a marked increase in LPS-stimulated IL-1β secretion, whereas 
addition of FTI did not have a noticeable effect on the secretion of IL-1β (figure 4A). 
In agreement with these findings, we also found that the increased LPS-stimulated IL-
1β secretion observed when control PBMCs are incubated with simvastatin could be 
completely reversed when the cells were incubated with GGPP (figure 4B). Also, the 
increased LPS-stimulated increase in IL-1β secretion in PBMCs of MKD patients 
could be reduced to control levels with GGPP (figure 4C & D). 
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Figure 4: The role of isoprenylated proteins in IL-1β secretion. 
IL-1β secretion by PBMCs from controls (shaded bars) and MKD patients (closed bars) incubated in the 
absence or presence of FTI, GGTI, simvastatin and GGPP for 18 hours followed by stimulation with LPS. 
A: Control PBMCs (n=4) incubated with FTI and GGTI. * = p<0.05 when comparing FTI with GGTI. 
B: Control PBMCs (n=3), stimulated with LPS after incubation with simvastatin and/or GGPP. * denotes a 
significant difference (p<0.05) between the indicated conditions. 
C: MKD PBMCs (n=4), stimulated with LPS in the absence or presence of GGPP. Although the difference is 
not statistically significant, the trend is similar in cells from all 4 patients (D). 
Data are expressed as mean ± standard error of the mean (A-C) or as paired raw data (D). 

 
 
Discussion 
 
Patients with the HIDS and the MA phenotype experience similar inflammatory 
episodes despite marked differences in both residual MK activity and accumulating 
levels of mevalonic acid. This suggests that mevalonate itself has no major effect on 
the inflammatory response. This is confirmed in our study, in which only a small 
increase in LPS-stimulated IL-1β secretion is observed when control PBMCs are 
incubated with 5 mM and 10 mM mevalonate but not at lower concentrations. 
Because 5 mM mevalonate is 10 times higher than the mevalonate levels that can be 
found in blood of MA patients and even 1000 times higher than that found in blood of 
HIDS patients, it seems very unlikely that mevalonic acid is the main cause for the 
inflammatory response. In fact, the increase in LPS-stimulated IL-1β secretion by 
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MKD PBMCs is even reversed by the addition of mevalonate. These data are in 
agreement with previously reported results (26), which showed that MA and HIDS 
cells compensate for the reduced MK activity by elevating their intracellular 
mevalonate levels through increasing HMG-CoA reductase activity. This increased 
HMG-CoA reductase activity was also downregulated when MKD cells were incubated 
with the isoprenoid precursors farnesol (FOH), geranylgeraniol (GGOH) or 
mevalonate (26). Thus, in order to maintain the flux through the isoprenoid 
biosynthesis pathway it seems important to increase the intracellular mevalonic acid 
levels. Failure of this compensatory mechanism might even lead to increased IL-1β 
secretion and inflammation, as is suggested by the severe inflammatory crises 
provoked by lovastatin treatment of two MA patients in an attempt to lower the 
mevalonic avid levels in these patients (2).  
Other studies showed that incubation of control PBMCs with lovastatin or fluvastatin 
increased IL-1β secretion (14;28;29) and that lovastatin was able to further increase 
the elevated IL-1β secretion in MKD PBMCs (14). This was also observed in the 
present study when simvastatin was added to PBMCs from MKD patients and 
controls. These observations confirm that mevalonate, by itself, is not the cause of the 
LPS-stimulated hypersecretion of IL-1β by PBMCs of MKD patients.  
The results of our study strongly indicate that it most probably is a shortage of a non 
sterol isoprenoid end product, notably geranylgeranyl groups, that leads to the 
increased IL-1β secretion in MKD. This is concluded from the fact that inhibition of 
enzymes involved in GGPP synthesis or geranylgeranylation of proteins, i.e. HMG-
CoA reductase, farnesyl pyrophosphate synthase and geranylgeranyl transferase, all 
led to a marked increase of LPS-stimulated IL-1β secretion by control PBMCs. 
Moreover, the increased IL-1β secretion in PBMCs from MKD patients could be 
reversed by supplementation with GGPP, whereas the inhibition of sterol synthesis 
with ZAA, which promotes the synthesis of non-sterol isoprenoids, also results in a 
reversal of the LPS-stimulated IL-1β secretion by MKD PBMCs. Together, these 
findings clearly indicate an important role for non sterol isoprenoids, notably 
geranylgeranyl groups, in the regulation of the inflammatory response.  
There are currently no established therapies for MKD, although treatment with the 
recombinant form of  IL-1 receptor antagonist anakinra was shown to be effective in 
relieving the symptoms (19). Our results here indicate that raising the availability of 
geranylgeranyl moieties in MKD, for example by increasing the pathway flux towards 
non sterol isoprenoid biosynthesis, may provide another option to treat MKD. 
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Abstract  
 
Mevalonate kinase deficiency (MKD) is an autosomal recessive disorder characterized 
by recurring episodes of fever and inflammation. Peripheral blood mononuclear cells 
(PBMCs) from MKD patients secrete markedly higher levels of interleukin (IL)-1β 
when stimulated with lipopolysaccharide (LPS) than PBMCs from control subjects. To 
investigate in vitro how a deficiency in mevalonate kinase (MK) leads to induced 
secretion of IL-1β we studied the effect of simvastatin in the monocytic cell line THP-
1. Simvastatin inhibits 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase, the 
enzyme preceding MK, and thereby impairs the isoprenoid biosynthesis similar to 
when MK is deficient. 
Simvastatin treatment leads to markedly increased secreted IL-1β levels from LPS-
stimulated THP-1 cells when compared to those from cells stimulated with LPS only. 
This effect was reversed by addition of the non-sterol isoprenoid intermediate 
geranylgeranylpyrophosphate (GGPP). Simvastatin plus LPS treatment also resulted 
in higher IL-1β mRNA levels than LPS treatment alone, an effect which was not 
reversed by GGPP. The intracellular proIL-1β levels, however, did not increase by the 
simvastatin treatment. Simvastatin treatment alone or in combination with LPS led to 
secretion of the caspase-1 p20 subunit, which correlated with a decrease in 
intracellular caspase-1 p20. 
This study indicates that impaired isoprenoid biosynthesis seems to trigger caspase-1 
mediated processing of pro-IL-1β and consequently secretion of mIL-1β. 
 

Introduction 
 
The Hyperimmunoglobulinemia D and periodic fever syndrome (HIDS; 
MIM#260920) is an autosomal recessive disorder characterized by recurrent fever 
attacks and elevated levels of serum IgD (>100 IU/ml) (1). 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, myalgias and arthralgias may also occur (2-4). During the fever 
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episodes an acute phase response is observed, with leukocytosis and elevated acute-
phase reactants. Serum levels of proinflammatory cytokines, such as interleukin(IL)-6 

and interferon-γ (IFN-γ), rise during fever attacks (5;6). Also, between attacks, 
isolated peripheral blood mononuclear cells (PBMCs) from HIDS patients secrete 
large amounts of IL-1β (7).  
In 1999, the genetic defect underlying HIDS was identified; patients were shown to 
have mutations in the MVK gene, which codes for the enzyme mevalonate kinase 
(MK) (8;9). Since this discovery, HIDS and a more severe presentation, mevalonic 
aciduria, have been jointly referred to as mevalonate kinase deficiency (MKD). MK is 
an important enzyme in the isoprenoid biosynthesis pathway (10). This pathway 
produces cholesterol and a number of non-sterol isoprenoids. The latter play a vital 
role in the prenylation of a variety of proteins, mostly of the Ras GTPase superfamily. 
Recently, it has become apparent that impairment of the isoprenoid pathway has 
widespread effects on immune function, both anti-inflammatory and pro-
inflammatory (11-16). Several studies have shown that the secretion of IL-1β by 
activated PBMCs was stimulated by the inhibition of isoprenoid biosynthesis using 
inhibitors (statins) of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase the 
enzyme preceeding MK in the isoprenoid biosynthesis pathway. This increased 
secretion appeared to be specifically due to a lack of isoprenoids, since the addition of 
mevalonic acid, the product of HMG-CoA reductase, reduced cytokine production to 
control levels (17;18). In PBMCs from MKD patients it also is the lack of isoprenoid 
products, specifically of geranylgeranylated proteins, that raises IL-1β production 
(19). This IL-1β production may be largely responsible for the inflammation and fever 
observed in MKD patients. However, it is not known how impaired isoprenoid 
biosynthesis leads to increased IL-1β secretion. 
IL-1β is synthesized in the cytosol as an inactive precursor, proIL-1β, which in order 
to become active requires processing by caspase-1, which cleaves proIL-1β directly 
after the aspartic acid residue at position 116 (20;21). Caspase-1 can also cleave IL-18 
(22;23) and more recently, also IL-33 was identified as a caspase-1 substrate (24). 
Caspase-1 itself is synthesized as an inactive zymogen of ~45 kDa, which 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 functional enzyme.  
Autoactivation of caspase-1 occurs in a complex of proteins termed the inflammasome 
(25). Caspase-1 contains an N-terminal caspase recruitment domain (CARD), which 
forms a homotypic interaction (CARD-CARD interaction) with the so-called 
“apoptosis-associated speck-like protein containing a CARD” (ASC). This adaptor 
protein then recruits other members of the inflammasome (26) via similar homotypic 
interactions, enabling oligomerization and autocleavage. Active caspase-1 can then 
process proIL-1β into mature IL-1β (mIL-1β), which is subsequently secreted.  
To gain insight into the regulation of increased IL-1β production in MKD, we 
performed studies with the cultured monocytic cell line THP-1 in which the 
isoprenoid biosynthesis pathway was impaired at the level of HMG-CoA reductase 
using simvastatin. We investigated the effect of this impairment on transcription and 
translation of caspase-1 and (pro)IL-1β and on caspase-1 enzyme activity. Our results 
suggest that inhibition of the isoprenoid biosynthesis pathway via simvastatin triggers 
caspase-1 mediated processing of pro-IL-1β and subsequent secretion of mIL-1β. 
 



Chapter 5 
 

 

 76 

Materials and Methods 
 

Reagents 

Lipopolysaccharide (LPS; E. coli 0127:B8), geranylgeranylpyrophosphate (GGPP) and 
Actinomycin D were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Simvastatin (a gift from Merck, Sharpe and Dohme) was prepared as previously 
described (27). 
Benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone (z-VAD-FMK) was obtained from 
R&D Systems, Inc (Minneapolis, MN, USA). Rabbit anti-caspase-1 was from Cell 
Signaling (Danvers, MA, USA). Pralnacasan (an oral caspase-1 inhibitor) was a kind 
gift from Vertex Pharmaceuticals (Boston, U.S.A.). 
  

Cell Culture 

THP-1 cells were routinely grown in RPMI 1640 (Life Technologies, Grand Island, 
NY) containing 10% Fetal Calf Serum (FCS), 2 mM glutamine and 100 U/ml 
penicillin-streptomycin. Cells were cultured at a starting density of 1x106/ml in 12-
well microtiter plates at 37°C in a humidified atmosphere containing 5% CO2 in air, in 
the presence or absence of 5 µM simvastatin. After 24 hours of incubation, LPS to a 
final concentration of 200 ng/ml was added to the culture medium. The incubations 
were continued for an additional 4 hours after which cells were pelleted by 
centrifugation and supernatants either frozen at -20°C or assayed immediately. Cell 
pellets were stored at -20°C for Western blot analysis or snap frozen in liquid nitrogen 
and stored at -80°C for RT-PCR analysis and caspase-1 activity experiments. 
 
Cytokine Measurements 

Cytokine detection was carried out using commercially available ELISA kits: Pelikine-
compact TM human IL-1β ELISA kit (Sanquin Amsterdam, the Netherlands), Human 
ProIL-1β/IL-1F2 Quantikine ELISA Kit from R&D Systems, Inc (Minneapolis, MN, 
USA) and human IL-18 module set from Bender MedSystems (Vienna, Austria). 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 levels of IL-1β and caspase-1 to β-actin RNA were determined 
with the LightCycler® system (Roche, Mannheim, Germany). To this end, total RNA 
was isolated from THP-1 cells with TRIzol (Invitrogen, Carlsbad, CA) extraction, after 
which first strand cDNA was prepared using the first strand cDNA synthesis kit for 
RT-PCR (AMV) according to the manufacturer’s instructions (Roche, Mannheim, 

Germany). The IL-1β fragment was amplified using primers: IL-1β Fw 5’-AGA AGA 

ACC TAT CTT CTT CGA C-3’ and IL-1β Rev 5’-ACT CTC CAG CTG TAG AGT GG-3’. 
Caspase-1 primers were: Fw 5’-CTT CCT TTC CAG CTC CTC AG-3’ and Rev 5’-CCT 

GTG ATG TCA ACC TCA GC-3’. The β-actin fragment was amplified using the 
following primer set: Fw 5’-GGC ACC AGG GCG TGA TGG-3’ and Rev 5’- GTC TCA 
AAC ATG ATC TGG GTC-3’. Data were analyzed using LightCycler Software, version 
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3.5 (Roche, Mannheim, Germany) and the program LinRegPCR, version 7.5 (28) for 
analysis of real-time PCR data. To adjust for variations in the amount of input RNA, 

the IL-1β and caspase-1 mRNA levels were normalized for the mRNA levels of the 

housekeeping gene β-actin. 
 
Caspase-1 activity 
Cell lysates were prepared by four consecutive freeze-thaw cycles in lysis buffer (25 
mM HEPES, pH 7.5, 5 mM EDTA, 5 mM MgCl2, 5 mM dithiotreitol (DTT), protease 
inhibitors (Complete Mini, Roche, Mannheim, Germany)) using 1 x 108 cells/ml. 
Lysates were then centrifuged at 16,000 x g for 20 min at 4°C, the supernatants were 
collected, and protein concentration was measured. A total of 100 µg of protein in 20 
µl of lysis buffer for each sample was added to 320 µl of caspase assay buffer (321.5 
mM Hepes (pH 7.5), 31.25% sucrose, 0.3125% CHAPS), 100 µl 100 m DTT, 20 µl 
DMSO or 20 µ caspase-1 inhibitor in DMSO and 520 µl water and preincubated at 
37°C for 30 minutes after which incubation in the presence of 2.5 mM acetyl-YVAD-7-
amino-4-methyl coumarin (Bachem AG, Bubendorf, Switzerland), a specific 
fluorogenic substrate for caspase-1, was prolonged for 60 minutes. To determine 
background fluorescence we used the competitive caspase-1 inhibitor Ac-YVAD-CHO 
(Bachem AG, Bubendorf, Switzerland). This inhibitor binds to caspase-1, but cannot 
be cleaved because of the aldehyde-group. The emitted fluorescence was measured 
using an excitation wavelength of 380 nm and an emission wavelength of 465 nm. The 

results were expressed as the fluorescence emitted by cell lysates and corrected for the 
background fluorescence. 
 
Caspase-1 p20 measurements 
Caspase-1 p20 detection was carried out using a commercially available ELISA kit: 
Quantikine human caspase-1 immunoassay (R&D Systems, Inc, Minneapolis, MN, 
USA). The assay was performed according to the manufacturer’s instructions and all 
samples were tested in duplicate. 
 
Statistic analysis 
P-values were calculated using a Friedman paired nonparametric ANOVA test 
followed by Dunn’s multiple comparisons test or a two tailed Wilcoxon matched pairs 
test. 
 

Results 
 
Simvastatin increases secreted mIL-1β levels from LPS-stimulated THP-1 cells 
THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin 
followed by 4 hours stimulation with LPS, after which the supernatants were assayed 

for IL-1β levels. Supernatants of THP-1 cells treated with a combination of 

simvastatin and LPS showed markedly elevated IL-1β levels when compared to those 
from cells treated with only LPS (figure 1). Incubation with simvastatin only did not 
result in detectable IL-1β levels. GGPP completely prevented the simvastatin/LPS-
induced increase in IL-1β levels, confirming that this effect was caused by an 
impairment of non-sterol isoprenoid biosynthesis, as was shown previously for 
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simvastatin-treated PBMCs (29). In fact, the addition of GGPP resulted in even lower 
levels of IL-1β than in supernatants from cells stimulated with LPS alone (figure 1). 
 
 
 

Figure 1: IL-1β secretion by THP-1 cells incubated for 24 hours in the presence or absence of simvastatin 

(5 µM) and stimulated for an additional 4 hours with 200 ng/ml LPS. Simvastatin and LPS-induced IL-1β 

secretion was reversed by addition of 10 µM GGPP to the culture medium. Data are represented as means ± 
SEM (n=4). **  denotes a significant difference (p<0.01) between the indicated conditions. 
 

Simvastatin-mediated increase in IL-1β levels is caspase-1 dependent 
The generation of mature IL-1β from proIL-1β normally requires caspase-1 activity 
(30;31). To determine whether caspase-1 is also involved in the simvastatin-mediated 
increase in IL-1β levels in supernatants from LPS-stimulated THP-1 cells, we cultured 
the cells as before in the presence or absence of simvastatin. Just prior to LPS 
stimulation, either the general caspase inhibitor (Z-VAD-FMK) or the specific 
caspase-1 inhibitor pralnacasan was added to the culture medium.  
After 4 hours of incubation, the IL-1β levels in the supernatants were determined. 
Both the incubation with general caspase inhibitor and the specific caspase-1 inhibitor 
lead to a decrease in IL-1β levels in a dose-dependent manner (Figure 2). Addition of 
10 µM inhibitor reduced the IL-1β levels in supernatants from cells stimulated with 
both LPS and simvastatin to levels comparable to the levels in supernatants from cells 
stimulated with LPS alone. These data confirm that the simvastatin-mediated 
increase in IL-1β levels requires caspase-1 activity. 
 
 
   

0

100

200

300

3000

4000

5000

6000

LPS
simvastatin
GGPP

-
-
-

+
-
-

-
+
-

+
+
-

+
+
+

m
IL

-1
ββ ββ

 (
p

g
/m

l)

**



                                                                               Simvastatin effect on IL-1β secretion by THP-1 cells 

 79 

0

1

2

3

LPS
simvastatin
GGPP

-
-
-

+
-
-

-
+
-

+
+
-

+
+
+

A

c
a
s
p

a
s
e
-1

 /
ββ ββ

-a
c
ti

n
 m

R
N

A

(f
o

ld
 i

n
d

u
c
ti

o
n

)

0

500

1000

1500

LPS
simvastatin
GGPP

-
-
-

+
-
-

-
+
-

+
+
-

+
+
+

B

IL
-1

ββ ββ
/ ββ ββ

-a
c
ti

n
 m

R
N

A

(f
o

ld
 i

n
d

u
c
ti

o
n

)

Figure 2: IL-1β secretion by THP-1 cells cultured for 24 hours in the presence of simvastatin (5 µM) and 
stimulated for an additional 4 hours with 200 ng/ml LPS. Prior to LPS stimulation either a general caspase 
inhibitor (Z-VAD-FMK) or the specific caspase-1 inhibitor pralnacasan was added to the culture medium at 
the indicated concentrations.  

 
Simvastatin treatment of LPS-stimulated cells increases IL-1β gene transcription 
The simvastatin-mediated increase in IL-1β levels could be due to an increased 
production of proIL-1β or caspase-1 or both. We therefore determined the IL-1β- and 
caspase-1 mRNA levels using quantitative real-time RT-PCR analysis in THP-1 cells 
cultured as before with simvastatin and/or LPS. The simvastatin and LPS treatment 
had no significant effect on procaspase-1 mRNA levels when compared with LPS only 
(Figure 3A). IL-1β mRNA levels in LPS-stimulated cells were 200-fold increased 
compared to the levels in untreated control cells (Figure 3B)(32). The combination of 
LPS and simvastatin lead to a further 3-fold increase, compared to the IL-1β mRNA 
levels in LPS-treated cells. Thus, increased levels of IL-1β mRNA could, at least in 
part, be responsible for the increased mIL-1β levels observed after simvastatin 
treatment. Remarkably, addition of GGPP to the simvastatin and LPS-treated cells did 
not result in lowering of the IL-1β mRNA levels (figure 3B) in contrast to the secreted  
mIL-1β protein levels, which under these conditions become even lower than in cells 
treated with LPS alone (figure 1). This indicates that IL-1β gene transcription and 
maturation, c.q. secretion are, at least in part, uncoupled processes and that increased 
IL-1β transcription does not necessarily result in increased IL-1β secretion. 
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Figure 3: Relative mRNA expression of caspase-1 (A) and IL-1β (B) in LPS-stimulated THP-1 cells 

cultured for 24 hours in the presence or absence of simvastatin (5 µM) and GGPP (10 µM), presented as 
caspase-1/ β-actin  and IL-1β / β-actin ratio. The mRNA expression levels were determined with the 

LightCycler system. Data are represented as means ± SEM (n=4). 

 
Simvastatin treatment of LPS-stimulated cells increases IL-1β gene transcription 
The simvastatin-mediated increase in IL-1β levels could be due to an increased 
production of proIL-1β or caspase-1 or both. We therefore determined the IL-1β- and 
caspase-1 mRNA levels using quantitative real-time RT-PCR analysis in THP-1 cells 
cultured as before with simvastatin and/or LPS. The simvastatin and LPS treatment 
had no significant effect on procaspase-1 mRNA levels when compared with LPS only 
(Figure 3A). IL-1β mRNA levels in LPS-stimulated cells were 200-fold increased 
compared to the levels in untreated control cells (Figure 3B)(32). The combination of 
LPS and simvastatin lead to a further 3-fold increase, compared to the IL-1β mRNA 
levels in LPS-treated cells. Thus, increased levels of IL-1β mRNA could, at least in 
part, be responsible for the increased mIL-1β levels observed after simvastatin 
treatment. Remarkably, addition of GGPP to the simvastatin and LPS-treated cells did 
not result in lowering of the IL-1β mRNA levels (figure 3B) in contrast to the secreted  
mIL-1β protein levels, which under these conditions become even lower than in cells 
treated with LPS alone (figure 1). This indicates that IL-1β gene transcription and 
maturation, c.q. secretion are, at least in part, uncoupled processes and that increased 
IL-1β transcription does not necessarily result in increased IL-1β secretion. 
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Figure 4: Intracellular proIL-1β protein levels in THP-1 cells. 
A. THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin and the specific 
caspase-1 inhibitor pralnacasan stimulated for an additional 4 hours with 200 ng/ml LPS. Data are 
expressed as mean ± standard error of the mean (n=2). 
B. 10 Minutes prior to LPS stimulation the transcription inhibitor Actinomycin-D was added to the culture 

medium (2 µg/ml). After stimulation proIL-1β protein levels were determined in cell extracts. (N.D. = non-
detectable). Data are expressed as mean ± SEM (n=3). 

 
Simvastatin treatment of LPS-stimulated cells does not increase intracellular proIL-
1β protein levels 
We next determined whether the increase in IL-1β mRNA levels upon simvastatin 
treatment of LPS-stimulated THP-1 cells also leads to increased levels of proIL-1β 
protein in the cells. To this end, proIL-1β protein levels were determined in cell 
lysates using a specific proIL-1β ELISA, which does not recognize the mature 
processed form. In accordance with the observed rise in mRNA levels, LPS 
stimulation lead to a marked increase in intracellular pro-IL-1β protein levels (Figure 
4A). This increase is correlated to the increased IL-1β gene transcription, because 
incubation with the transcription inhibitor Actinomycin-D (Act-D) reduced 
intracellular proIL-1β protein to an undetectable level (Figure 4B). The additional 
induction of IL-1β transcription by simvastatin treatment (Figure 3B) did not result in 
increased levels of proIL-1β protein. In contrast, the intracellular pool of proIL-1β was 
decreased in cells treated with both simvastatin and LPS when compared to cells 
treated with LPS alone (Figure 4A). 
To determine whether this decrease was due to a higher conversion rate of proIL-1β 
into the mature, secreted IL-1β, we incubated simvastatin and LPS-treated cells with 
the specific caspase-1 inhibitor pralnacasan at concentrations known to inhibit IL-1β 
secretion (see Figure 2). Incubation with this inhibitor led to a restoration of 
intracellular proIL-1β protein levels in a dose-dependent manner (Figure 4A), 
indicating that the observed decrease was indeed due to the higher conversion.  
 
Simvastatin affects caspase-1 activity and increases the secretion of caspase-1 p20 
subunit 
To determine if the simvastatin-mediated increase of IL-1β levels in supernatants 
from LPS-stimulated cells is regulated at the post-translational level, we investigated 
whether simvastatin has an effect on activation of caspase-1 or on the export of IL-1β 
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protein or on both. If simvastatin stimulates the export of mIL-1β, without affecting 
caspase-1 activation, then inhibition of caspase-1 in the presence of simvastatin might 
lead to increased export of inactive proIL-1β. THP-1 cells cultured in the presence or 
absence of the inhibitors Z-VAD-FMK and pralnacasan, however, did not show an 
increase in secreted proIL-1β (data not shown), suggesting that simvastatin treatment 
does not exclusively target export of IL-1β.  However, although it was previously 
shown that proIL-1β can be released by intact cells independent of processing by 
caspase-1 (33), caspase-1 activation and subsequent export of mIL-1β have been 
described to be very closely linked processes (34). 
To determine if simvastatin induces mIL-1β secretion through activation of caspase-1, 
we measured caspase-1 activity in extracts of THP-1 cells cultured for 24 hours in the 
absence or presence of simvastatin followed by 18 hours LPS stimulation. This 
indicates that incubations with LPS and simvastatin alone or in combination resulted 
in a small increase in the intracellular caspase-1 activity. Co-incubations with GGPP 
reversed the LPS plus simvastatin-mediate increase in intracellular caspase-1 activity 
to levels observed in non-stimulated cell (figure 5). 
As another measure for the activation of caspase-1 we also examined the 
autoprocessing of caspase-1. Since caspase-1 subunits have been shown to be readily 
secreted upon activation (35), autocleavage of caspase-1 was determined by 
measuring caspase-1 p20 in the culture supernatants. Incubation with simvastatin 
resulted in a time-dependent (figure 6A) and dose-dependent increase of caspase-1 
p20 subunits in the culture supernatants (figure 6B). Incubations with LPS also 
induced some caspase-1 p20 release, whereas co-incubation with both simvastatin 
and LPS resulted in the strongest release (figure 6B). GGPP completely blocked the 
simvastatin-induced, but not the LPS-induced release of caspase-1 p20. 
 

0

25

50

75

100

125

150

LPS
simvastatin
GGPP

-
-
-

+
-
-

-
+
-

+
+
-

+
+
+

c
a
s
p

a
s
e
-1

 a
c
ti

v
it

y

(%
 o

f 
c
o

n
tr

o
l)

 
 
Figure 5: Caspase-1 activity in cell lysates of THP-1 cells.  

THP-1 cells were cultured for 24 hours in the presence or absence of simvastatin (5 µM) and/ or GGPP (10 
µM) and stimulated for an additional 4 hours with 200 ng/ml LPS. The results are expressed as the 

percentage of the control incubation and represented as means ± SEM (n=4). 
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Figure 6: Caspase-1 p20 levels in supernatants of THP-1 cells. 

A. THP-1 cells were cultured in the presence or absence of simvastatin (20 µM) for the indicated time 
periods. 

B. THP-1 cells were cultured in the presence or absence of GGPP (10 µM) and/or simvastatin (5 or 20 µM) 
at the indicated concentrations. After 24 hours the cells were stimulated with 200 ng/ml LPS for 4 hours. 

N.D. = non-detectable. Data are represented as means ± SEM (n=2). 

 
Simvastatin treatment of LPS-stimulated cells results in higher levels of secreted IL-
18 
In addition to IL-1β, caspase-1 is also known to process IL-18. However, processing of 
IL-18 differs from IL-1β in that proIL-18 protein is already expressed, without the 
need for LPS-induced transcription (36). To determine IL-18 processing, we treated 
THP-1 cells as before with or without simvastatin for 24 hours and stimulated for an 
additional 4 hours with LPS, after which the supernatants were analyzed for the 
presence of IL-18. Similar as with IL-1β, LPS stimulation alone induced a moderate 
increase whereas coincubation with LPS and simvastatin resulted in a marked 
increase in secreted IL-18 levels (Figure 7).  
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Figure 7: IL-18 secretion by THP-1 cells cultured for 24 hours in the presence or absence of simvastatin (5 

µM) and stimulated for an additional 4 hours with 200 ng/ml LPS. Simvastatin, but not LPS-induced IL-18 

secretion was reversed by addition of 10 µM GGPP to the culture medium. Data are represented as means ± 
SEM (n=4).  * denotes a significant difference (p<0.05) between the indicated conditions. 
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Furthermore, also treatment with simvastatin alone induced a moderate increase in 
secreted IL-18 levels similar as observed for IL-1β (figure 1). The simvastatin-
mediated elevation of secreted IL-18 levels could be completely reversed by 
coincubation with GGPP. 
 
Discussion 
 
Previous studies have shown that inhibition of non-sterol isoprenoid biosynthesis can 
induce IL-1β secretion by simvastatin-treated PBMCs (18;19;37-39). In the current 
study we show that monocytic THP-1 cells pre-treated with simvastatin and 
subsequently stimulated with LPS also have an increased mIL-1β secretion. Both 
simvastatin and LPS had no or very little effect on IL-1β secretion when administered 
alone. The increased mIL-1β secretion could be completely reversed by addition of 
geranylgeranylpyrophosphate (GGPP). The simvastatin-induced increase of IL-1β 
secretion is specifically mediated by caspase-1 and appears to be regulated at 
transcriptional and post-transcriptional levels. Caspase-1 mRNA levels are not 
significantly influenced by LPS or simvastatin treatment, the IL-1β mRNA levels 
showed a dramatic increase upon LPS treatment, while additional treatment with 
simvastatin even led to a further increase. This increase in IL-1β mRNA levels could 
not be reversed by GGPP, which indicates that the effect of GGPP on the secretion of 
mIL-1β must be post-transcriptional.  
The increased IL-1β mRNA levels resulted in elevated secreted mIL-1β levels but did 
not result in elevated intracellular proIL-1β protein levels. In contrast, these were 
even somewhat reduced in the presence of simvastatin. Thus, our data indicate that in 
addition to IL-1β gene transcription simvastatin stimulates both the conversion of 
pro-IL-1β into mIL-1β and the secretion of the latter. Although we did not find 
conclusive evidence for this, our data suggest that this stimulation may be related to 
increased caspase-1 activity.  
We only observed small increases in intracellular caspase-1 activities as a result of 
simvastatin and/or LPS treatment. However, simvastatin incubation led to a marked 
increase in levels of extracellular p20. Because activation of procaspase-1 into its 
active form requires processing into p20 and p10 units, this finding suggests that 
active caspase-1 becomes secreted when cells are incubated with simvastatin. Such 
secretion of active caspase-1 subunits has been reported previously (35). 
Taken together, our data suggest a two-step model where LPS stimulation results in 
efficient transcription of the IL-1β gene leading to high levels of intracellular proIL-1β 
protein, whereas inhibition of the isoprenoid biosynthesis pathway via simvastatin 
triggers caspase-1 mediated processing of pro-IL-1β and subsequent secretion of mIL-
1β. A similar mechanism is probably responsible for the marked increase in IL-18 
secretion after simvastatin treatment.  
If proven correct in future studies, this model would imply that therapies aimed at 
blocking caspase-1 activity may prove to be very beneficial for MKD patients. 
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Abstract 
 
Objective 
To investigate whether the increased interleukin (IL)-1β and IFN-γ secretion in 
hyperimmunoglobulinemia D and periodic fever syndrome  (HIDS) is due to the 
accumulation of mevalonate, the substrate of the deficient enzyme mevalonate kinase 
(MK), or the lack of its products, the isoprenoid compounds. 
Methods 
The effects of lovastatin and farnesol (FOH), geraniol (GOH), geranylgeraniol 
(GGOH), and mevalonate on peripheral blood mononuclear cells (PBMCs) from 8 
patients with MK deficiency and from 13 controls were studied. Lovastatin inhibits 
isoprenoid biosynthesis by reducing the production of mevalonate. FOH, GOH and 
GGOH restore isoprenoid biosynthesis downstream from MK. Culture supernatants 
were collected for cytokine analysis 48 hours after stimulation with monoclonal 
antibodies against CD2 + CD28. 
Results 
Lovastatin induced a 15-fold rise in IL-1β secretion by normal anti-CD2 + CD28-
stimulated cells. This effect could be countered by mevalonate and, to a lesser extent, 
by FOH, GOH and GGOH. In the absence of lovastatin, mevalonate did not change IL-
1β and IFN-γ secretion. Stimulated MK-deficient cells secreted 9-fold more IL-1β and 
up to 4-fold more IFN-γ than control PBMCs, rising further in the presence of 
lovastatin. The effect of lovastatin on IL-1β and IFN-γ secretion was reduced by 
mevalonate, FOH, and GGOH. Isoprenoid biosynthesis in PBMCs from patients was 
impaired due to the endogenous MK deficiency. Bypassing this defect with FOH and 
GGOH, in the absence of lovastatin, led to a marked reduction in IL-1β and IFN-γ 
secretion by these cells. 
Conclusion 
In this model, shortage of isoprenoid end products contributes to increased IL-1β and 
IFN-γ secretion by MK-deficient PBMCs, whereas excess mevalonate does not. 
 

Introduction 
 
Hyperimmunoglobulinemia D and periodic fever syndrome (HIDS), also known as 
Dutch type periodic fever (MIM#260920), is an autosomal recessive disorder, 
characterized by febrile attacks recurring at more or less regular intervals and the 
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presence of an elevated serum IgD concentration (>100 IU/ml)(1). More than 170 
patients have been diagnosed with the disease worldwide (2). Clinical features during 
the febrile attacks include cervical lymphadenopathy, splenomegaly, hepatomegaly, 
skin rash, oral ulcers, vomiting, diarrhea, arthralgias, and arthritis. Patients often 
report malaise, chills, headache, nausea or abdominal pain (1). During these febrile 
crises, blood tests reflect an acute inflammatory state, with leukocytosis and elevated 
acute phase reactants including C reactive protein. Serum levels of pro-inflammatory 
cytokines, such as interleukin (IL)-6, and interferon-γ (IFN-γ), rise during fever 
attacks (3;4). Also, between attacks, isolated peripheral blood mononuclear cells 
(PBMCs) from HIDS patients secrete large amounts of proinflammatory cytokines, 
such as IL-1β (5). However, what causes the rise in production of these cytokines has 
remained unclear.  
In 1999, the underlying genetic defect of the syndrome was identified, namely, 
mutations in the gene MVK, which lead to a deficiency of the enzyme mevalonate 
kinase (MK) (6;7). Mutations in the same gene are responsible for mevalonic aciduria 
(MA, MIM#251170), a syndrome with episodic fever, mental retardation and 
dysmorphic features (8;9). MK catalyzes the phosphorylation of mevalonic acid into 
5-phosphomevalonate and is the enzyme immediately following 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase in the isoprenoid biosynthesis pathway 
(10)(figure 1). This pathway produces cholesterol, which, in turn, is a precursor for 
bile acids and steroid hormones. Furthermore, this biosynthetic route yields a number 
of non-sterol isoprenoids. The latter are hydrophobic molecules, such as dolichol and 
the polyisoprene side chains of heme-A and ubiquinone. Non sterol isoprenoids play a 
vital role in the prenylation of certain proteins. In this process hydrophobic 
polyisoprene moieties are covalently attached to specific target proteins. Prenylation 
comes in two forms, the attachment of farnesyl groups (from farnesylpyrophosphate 
(FPP)) or of geranylgeranyl groups (from geranylgeranylpyrophosphate (GGPP)). 
In HIDS, the deficiency of MK causes accumulation in plasma of its substrate, 
mevalonic acid, which is then excreted in the urine (7). The causal link between MK 
deficiency and inflammation remains to be clarified. Inflammation has to result from 
either the excess of mevalonic acid or the shortage of one or more products of 
isoprenoid biosynthesis. 
Recently, it has become apparent that impairment of isoprenoid biosynthesis can 
indeed influence immune function. In vitro, inhibitors of HMG-CoA reductase, also 
known as statins, may either suppress or enhance inflammatory responses, depending 
on the cell type studied and the way in which these cells were stimulated. Many anti-
inflammatory effects of statins have been reported, including the reduction of 
lymphocyte proliferation, and of the expression of major histocompatibility complex 
class II molecules, matrix metalloproteinases, cytokines, and chemokines (11-15). 
Also, these compounds do have pro-inflammatory properties. Statins enhance 
endothelial expression of cellular adhesion molecules (16). Interestingly, the secretion 
of IL-1β, IFN-γ and IL-18 by PBMCs stimulated ex vivo with inactivated 
M.tuberculosis is augmented greatly by the inhibition of isoprenoid biosynthesis with 
statins (17). The increased cytokine secretion appeared to be Th1 induced and to be 
due to lack of isoprenoids, since addition of mevalonic acid reduced cytokine 
secretion to control levels.  
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The question is whether the reported increased secretion of pro-inflammatory 
cytokines in HIDS could be explained along similar lines. If lack of isoprenoids were 
responsible, then the addition of isoprenoid intermediary metabolites to cells from 
HIDS patients should correct the cytokine hypersecretion. To be effective, these 
compounds should enter the isoprenoid pathway downstream from the metabolic 
block in HIDS, i.e. MK. FPP, geranyl pyrophosphate (GPP) and GGPP are such 
intermediary metabolites. Entry in living cells is impaired, however, by the presence 
of hydrophilic pyrophosphate groups. The fatty alcohols farnesol (FOH), geraniol 
(GOH) and geranylgeraniol (GGOH) are hydrophobic molecules that enter living cells 
freely and, once inside, are converted into FPP, GPP and GGPP by two successive 
monophosphorylations (18). 
Therefore we studied the effects of FOH, GOH, GGOH and mevalonate in the 
presence or absence of lovastatin on the IL-1β secretion by PBMCs. 
 
 
 

 
 
 
Figure 1. The isoprenoid biosynthesis pathway. 
Schematic overview of the isoprenoid biosynthesis pathway, indicating the MK deficiency in HIDS and MA, 
the inhibition of HMG-CoA reductase by lovastatin and the point of entry of FOH, GOH and GGOH. 
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Patients and methods 
 
Cell culture 
Pediatric HIDS or MA patients visiting our outpatient clinic for regular follow-up 
were approached to participate in the study. After approval by the Ethical Review 
Board and written informed consent by the patients' parents, blood was drawn by 
venipuncture in sterile pyrogen-free heparinized plastic tubes. All patients were free 
of symptoms and were not taking antiinflammatory drugs at the time of blood 
sampling. Healthy adult volunteers served as controls. PBMCs were isolated by Ficoll 
density gradient centrifugation (Amersham Pharmacia Biotech, Uppsala, Sweden). 
We incubated 1 x 105 cells per well in 96-well-flat-bottom microtiter plates in RPMI 
1640 (Life Technologies,Grand Island, NY) supplemented with 5 % heat inactivated 
fetal calf serum (Life Technologies, Grand Island, NY) filtrated through a 0.2 µm 
filter, 2 mmol/L L-glutamine and 1% penicillin-streptomycin. Incubations were 
performed in quadruplicate at 37 °C in a humidified atmosphere containing 5 % CO2 
in air. The cultures were performed in the presence or absence of lovastatin (final 

concentration 5 µM). In addition, either 1 mM mevalonate, 10 µM farnesol (FOH), 10 

µM geraniol (GOH), 10 µM geranylgeraniol (GGOH) or medium was added at the 
start of the experiments. Lovastatin, mevalonic acid, FOH, GOH, and GGOH were 
purchased from Sigma (St. Louis, MO). Both lovastatin, dissolved in ethanol, and 
mevalonic acid lactone were converted to lovastatin and mevalonate, respectively, by 
hydrolyzation (0.1M NaOH), followed by neutralization and stabilization at pH 7.4 
with 0.05 M HEPES and HCl (0.1 M). 
After 18 hours incubation either Mycobacterium tuberculosis, Purified Protein 
Derivative (PPD) of M.tuberculosis (Statens Serum Institut, Copenhagen, Denmark), 
mycobacterial heat shock protein HSP60 (Sanbio, San Diego, CA), anti-CD2 + anti-
CD28 (PeliCluster CD 2.1, CD 2.2 and CD 28, CLB Amsterdam, The Netherlands) or 
medium was added to the cultures without any other change in the medium. The 
incubations were continued for an additional 48 hours. At the end of the incubations 
supernatants were aspirated and stored at -20 °C until analysis. 
 
Cytokine measurements 
Cytokine concentrations were measured in thawed samples, using commercially 
available enzyme-linked immunosorbent assays ( PeliKine-compactTM human IFN-γ, 
IL-1β, IL-6 and TNF-α ELISA kits CLB Amsterdam, The Netherlands). The assays 
were performed according to the manufacturer’s instructions, and all samples were 
tested in duplicate. 
 
Lymphocyte proliferation 
PBMCs at a concentration of 1 x 105 PBMC/well were cultured in 96-well, flat-
bottomed microtiter plates under the conditions as described above. After 48 hours of 
incubation, cells were pulse-labeled with 1 µCi 3H-labeled thymidine for 18 hours at 
37 °C. Cells were harvested and incorporation of  3H-labeled thymidine was measured 
in a liquid scintillation counter. Results were shown as average counts per minute 
(cpm) of quadruplicate cultures. 
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Statistical analysis 
Cytokine production under different conditions was compared using Wilcoxon's 
signed rank test. P values (2-tailed) less than 0.05 were considered significant. 
Lymphocyte proliferation was similarly analyzed. All analyses were performed using 
GraphPad Prism 3.0 software (GraphPad Software, San Diego, CA). Values are 
expressed as the mean ± SD. 
 

Results 
 
Patients 
Seven HIDS patients participated in the study. In a previous study, they had been 
described as patients 119, 132, 135, 137, 139, 142, and 192 (19). In all patients, MK 
deficiency had been established and mutations had been identified in both alleles of 
their MVK genes. Two patients (a brother and sister) were homozygous for the c. 1129 
G > A (V377I) mutation, 4 patients were compound heterozygous for the mutant 
alleles V377I and c. 803 T > C (I268T), and 1 patient carried the V377I and c. 59 A > C 
(H20P) alleles. The MA patient was a 2-year-old boy who presented with episodes of 
high-grade fever, anorexia, vomiting, and macular rash. His mental development had 
been adequate. His head circumference, though still normal, had grown slowly, but 
his weight and height gain had been excellent. He had no dysmorphic features. 
During febrile attacks, he showed markedly elevated acute-phase reactants and 
neutrophil leukocytosis. Urine mevalonic acid was extremely elevated (5,461 
µmoles/mmole creatinine). MK activity in fibroblasts was 0.18 pmoles/ minute/ mg 
(0.12% of normal). He was compound heterozygous for the mutant alleles c. 1000G>A 
(A334T) and 421_422insG. 

 
Figure 2. Cytokine secretion by PBMCs from normal controls incubated in the absence or presence of 5 
µmol/l lovastatin. T-cell stimuli were none (Medium), M.tuberculosis (MT), PPD of M.tuberculosis (PPD), 
anti-CD2+CD28 (CD2/28), and mycobacterial heat shock protein (HSP 60). 
A. IL-1β secretion (n=2) 
B. IFN-γ secretion (n=1) 

 
Cytokine secretion induced in normal mononuclear cells by anti-CD2+CD28 can be 
augmented by lovastatin 
We tested the ability of several T-cell stimuli, in addition to M. tuberculosis, to induce 
statin-sensitive cytokine secretion (Figure 2). In the absence of lovastatin, the 
secretion of IL-1β was not significantly stimulated by M.tuberculosis, PPD, anti- 
CD2+CD28, or HSP60 (Figure 2A). However, in the presence of both lovastatin and 
T-cell stimuli, IL-1β secretion rose 7-fold (PPD) to 15-fold (CD2+CD28). 
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IFN-γ secretion was stimulated by M. tuberculosis, PPD and anti-CD2+CD28 (Figure 
2B). Anti-CD2+CD28 elicited the strongest response. Combination with lovastatin 
induced a modest further increase of IFN-γ secretion, but this did not reach 
significance (data shown for 1 representative control). These stimuli did not induce 
secretion of IL-6, nor did the secretion of IL-6 change upon incubation with lovastatin 
(data not shown). Since the anti-CD2 + CD28-induced IL-1β secretion was equal to or 
more than that induced by M tuberculosis, PPD, or HSP60 and since this secretion 
was augmented consistently by lovastatin, only anti-CD2 + CD28 was used as a 
stimulus in all subsequent experiments. Moreover, anti-CD2 + CD28 provides the 
strongest IFN-γ response in control PBMCs both in the absence as well in the 
presence of lovastatin. 
 
Mononuclear cells from HIDS and MA patients produce more IL-1β and IFN-γ than 
control cells 
Control cells secrete only small amounts of IL-1β when stimulated with CD2+CD28. 
PBMCs from HIDS patients excrete 9-fold more IL-1β than control cells (p<0.005). 
Cells from the MA patient produced even more IL-1β. HMG-CoA reductase inhibition 
by lovastatin caused a further elevation of IL-1β excretion by anti-CD2+CD28 
activated cells from both patients (2.4-fold rise; P < 0.05) and controls (9.4-fold rise; 
P < 0.01) (Figure 3A). Spontaneous secretion of IL-6, known to be elevated in HIDS, 
was also raised in MA (17028 pg/ml vs 2260 pg/ml in controls, data not shown). IFN-
γ secretion in patients tended to be higher (though not significantly) in HIDS cells 
than in control cells. IFN-γ secretion by MA cells exceeded that of normal controls 4-
fold. Lovastatin tended to increase IFN-γ secretion by cells from most controls and 
HIDS patients, but not the already high concentrations of IFN-γ by PBMCs from the 
single MA patient (figure 3B). 
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Figure 3. IL-1β (A) and IFN-γ (B) secretion by mononuclear cells from 11 normal controls, 7 HIDS 
patients and one MA patient. Cells were incubated for 18 hrs in the absence (left panel) or presence (right 
panel) of 5 µmol/l lovastatin and stimulated for 48 hrs with anti-CD2+CD28. Data are expressed as mean ± 
SD. 
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Cytokine secretion is not augmented by addition of mevalonate 
To evaluate whether the augmented IL-1β and IFN-γ secretion was due to 
accumulated mevalonate in HIDS cells, the effects of exogenous mevalonate were 
studied in normal cells. In pilot experiments we had determined that 1 mM 
mevalonate was sufficient to overcome the antiproliferative effect of lovastatin 
without being toxic to the cells. In all subsequent experiments, the 1 mM 
concentration of mevalonate was used.  
Mevalonate almost completely reversed the lovastatin effect on IL-1β production. In 
the absence of lovastatin, mevalonate induced no detectable effect on the secretion of 
IL-1β (figure 4A), IFN-γ (figure 4B) or IL-6. In fact, mevalonate decreased the 
inherently increased IL-1β secretion by HIDS and MA cells. This implies that an 
excess of mevalonic acid, is not responsible for increased cytokine secretion as 
observed in HIDS. This could be confirmed by the decrease in IFN-γ secretion by cells 
from controls and HIDS patients after incubation with lovastatin and mevalonate 
compared to incubation with lovastatin only. However, mevalonate does not affect the 
secretion of IFN-γ by MA PBMCs. 
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Figure 4. The effect of mevalonate on IL-1β (A) and IFN-γ (B) secretion by PBMCs from controls, HIDS 
and MA patients. Presented are the mean IL-1β and IFN-γ concentrations determined in independent 
incubations in the absence of presence of lovastatin using PBMCs obtained from 10 different controls, 4 
HIDS patients and 1 MA patient. Data are expressed as mean ± SD. 
 
Isoprenoid compounds can reverse the effect of lovastatin downstream from 
mevalonic acid 
Mevalonic acid could abort the increase in cytokine secretion, mediated by impaired 
isoprenoid biosynthesis due to lovastatin or mevalonate kinase deficiency. To 
investigate whether this was an effect of mevalonic acid per se or one of its 
downstream metabolites, we studied the ability of FOH, GOH and GGOH to correct 
this increased secretion. 
The lovastatin-induced increase in IL-1β secretion by PBMCs from control subjects 
could be reduced by FOH (p<0.01) either alone or in combination with GGOH (figure 
5A). The 42% reduction brought about by GGOH by itself did not reach statistical 
significance. Also GOH tends to decrease IL-1β secretion in controls and seems to be 
most effective in decreasing IFN-γ secretion by control cells in the presence of 
lovastatin (figure 5D). 
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Figure 5. Effects of isoprenoid pathway intermediates in the presence of lovastatin.  
IL-1β and IFN- γ secretion by PBMCs from controls (A, D), HIDS (B, E) and MA (C, F) patients incubated 
in the absence or presence of lovastatin, FOH, GOH and GGOH for 18 hours followed by stimulation with 
anti-CD2+ CD28.  
Data are expressed as mean ± SD. 
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In the presence of lovastatin, IL-1β and IFN-γ secretion by PBMCs from HIDS 
patients was reduced by the addition of FOH and GGOH, but not by the addition of 
GOH (Figure 5B&E). This effect is comparable to that observed in normal controls. 
The single patient with MA displayed a similar pattern (Figure 5C&F). 
These results indicate that compounds downstream of mevalonate in the isoprenoid 
biosynthetic route can, at least in part, reverse the effect of lovastatin on IL-1β 
secretion. This implies that the lack of such compounds might be responsible for the 
increased cytokine secretion observed in the presence of lovastatin. 
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Figure 6. Effects of isoprenoid pathway intermediates in the absence of lovastatin. Cells were incubated in 
the presence of culture medium only, 10 µmol/l FOH, 10 µmol/l GOH and 10 µmol/l GGOH. 
A. IL-1β secretion in HIDS patients (n=7, for GOH n=5) 
B. IL-1β secretion in MA patient (n=1) 
C. IFN-γ secretion in HIDS patients (n=6, for GOH n=4) 
D. IFN-γ secretion in MA patient (n=1) 
Data are expressed as mean ± SD. 
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Isoprenoid compounds downstream from mevalonic acid reduce IL-1β and IFN-γ 
secretion in HIDS and MA 
Apparently decreasing mevalonate availability by HMG-CoA inhibitors reduces 
isoprenoid output in HIDS and MA. This implies that, although affected patients are 
ill due to the reduced mevalonate kinase activity, there is an important residual MK 
activity and the enzyme does not become entirely and solely rate limiting.  
The central question, therefore, was whether downstream isoprenoids could correct 
the inherently raised secretion of IL-1β and IFN-γ in HIDS and MA. Indeed, in the 
absence of lovastatin, i.e., with the endogenous MK deficiency being the only 
restriction on isoprenoid biosynthesis, downstream isoprenoids could reduce IL-1β 
secretion (Figure 6A&B). FOH significantly reduced IL1-β secretion by cells from 
HIDS patients by 62% (p < 0.02), addition of GGOH also reduces IL-1β and GOH did 
not affect the IL-1β secretion by HIDS and MA cells. Although less pronounced, IFN-γ 
secretion follows the same pattern as IL-1β secretion (Figure 6C&D).  
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Figure 7. Effects of lovastatin and isoprenoid pathways intermediates on lymphocyte proliferation of 
control subjects. Cells were incubated in the presence of culture medium (n=3), or with the indicated 
combinations of lovastatin (n=3), FOH (n=3), GOH (n=3), GGOH (n=3), and mevalonate (n=3). Values are 
the mean ± SD. 

 
 
Anti-CD2+CD28 induced-T-lymphocyte proliferation is impaired by lovastatin 
The rise in IL-1β secretion in culture supernatants could not be explained by higher 
cell numbers per culture well. Indeed, cell proliferation dropped in the presence of 
lovastatin (Figure 7). Mevalonic acid completely reversed this effect. GGOH partially 
corrected the effect of lovastatin. These data indicate that in this system lovastatin is 
effective and that its effect could be antagonized by downstream isoprenoids in the 
concentrations used.  
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Discussion 
 
In recent years, the genes involved in 4 hereditary periodic fever syndromes have 
been identified (6;7;20-23). MEFV (the gene mutated in familial Mediterranean 
fever) and CIAS1 (the gene affected in familial cold-induced autoinflammatory 
syndrome, the Muckle-Wells Syndrome and chronic infantile neurologic, cutaneous, 
and articular syndromes) code for pyrin and cryopyrin, respectively. Both proteins are 
involved in IL-1β activation (17;24-29). In the TNF receptor-associated periodic 
syndrome (TRAPS), the link with inflammation is straightforward, since the affected 
gene encodes the 55-kd receptor for TNF-α. Blocking of IL-1β might prove to be 
beneficial in TRAPS (30), indicating that IL-1β might also play a role in TRAPS 
pathogenesis. In MA and HIDS, the picture is more complex. HIDS is a well-defined 
autoinflammatory disease (31). There are recurrent episodes of inflammation, 
reflected both in clinical signs and symptoms and in neutrophil leukocytosis and 
increased levels of acute-phase reactants (1). Between attacks, serum IgD and IgA 
levels are usually raised, and PBMCs from HIDS patients secrete increased amounts 
of proinflammatory cytokines, notably TNF-α and IL-1β. The gene affected in both 
conditions, MVK, encodes MK, an enzyme involved in isoprenoid biosynthesis. 
However, how MK deficiency causes inflammation is not currently known. The 
enzyme deficiency leads to an increase of its substrate, mevalonate, and may lead to a 
shortage of end products, the isoprenoids (Figure 1). We adapted a model developed 
by Montero et al (17) to test whether the increased cytokine secretion in HIDS could 
be explained by the elevated mevalonate levels and/or decreased isoprenoid 
production. In this model, isoprenoid output is reduced by lovastatin, which inhibits 
HMG-CoA reductase, the enzyme preceding MK in the isoprenoid biosynthetic 
pathway. 
PBMCs, stimulated with M tuberculosis in the presence of lovastatin, reportedly 
secreted more IFN-gamma, IL-1β and IL-18 (17). In line with this and other studies 
(17;28;32), we found that lovastatin caused a 9-fold increase in IL-1β secretion in 
normal PBMCs using a combination of T cell-stimulating monoclonal antibodies 
against CD2 and CD28, although a similar effect on IFN-γ secretion did not reach 
significance.  
Spontaneous IL-1β and IFN-γ secretion was elevated in PBMCs from patients with 
HIDS and the one patient with MA. The combination of lovastatin and anti-CD2 + 28 
induced a rise in IL-1β output in both patients and controls. To a lesser extent, 
lovastatin also induced a small increase in IFN-γ secretion. To test whether 
downstream isoprenoid metabolites could correct this hypersecretion of IL-1β and 
IFN-γ, we added either mevalonate, FOH, GOH or GGOH to the culture medium. 
Mevalonate and GOH correct all branches of isoprenoid synthesis; FOH corrects 
mainly protein farnesylation and, to a lesser extent, synthesis of other sterol and 
nonsterol isoprenoids; and GGOH predominantly corrects geranylgeranylation of 
proteins (figure 1). 
Mevalonate reversed the lovastatin-induced increase in cytokine production. 
Downstream metabolites as FOH and GGOH largely compensate for the effect of 
lovastatin. This implies that some isoprenoid product(s) are necessary to prevent IL-
1β and IFN-γ secretion in this system. Which isoprenoid end products are ultimately 
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involved and how these interact with inflammatory pathways is subject of current 
research. 
The finding that in HIDS cells that are largely MK deficient, inhibition of HMG-CoA 
reductase would be of any consequence and that mevalonate could correct the effect 
of lovastatin is intriguing. Apparently, the residual MK activity (2-8%) is sufficient for 
changes in the availability of mevalonate to be reflected in isoprenoid biosynthesis. 
Even in MA, the enzyme deficiency, though profound, is not absolute and can, to a 
certain degree, be overcome by raised mevalonate levels. Houten et al (33) showed 
that MA and HIDS cells compensate for the reduced MK activity by elevating their 
intracellular mevalonate levels through increasing HMG-CoA reductase activity. This 
increased HMG-CoA reductase activity was also downregulated when HIDS and MA 
cells were incubated with FOH, GGOH or mevalonate (33). Thus, in order to maintain 
the flux through the isoprenoid biosynthesis pathway it seems important to increase 
the intracellular mevalonic acid levels.  
The main question is, however, what this means for the situation in HIDS, i.e., in the 
absence of lovastatin. There, the endogenous MK deficiency is the only impairment to 
isoprenoid biosynthesis. Mevalonate decreased IL-1β and IFN-γ secreted by HIDS 
cells, but not the high IL-1β and IFN-γ levels secreted by MA cells. In MA cells extra 
mevalonate in the already massive pool of mevalonate, which is necessary to maintain 
the flux in the pathway, does not affect IL-β or IFN-γ secretion. Mevalonate, by itself, 
did not influence IL-β or IFN-γ secretion. These findings therefore indicate that 
mevalonate intoxication is not the cause of increased IL-1β and IFN-γ secretion by 
HIDS cells. Furthermore, we showed that, in the absence of lovastatin, FOH and to a 
lesser extent, GGOH could decrease IL-1β and IFN-γ production by HIDS cells, 
although those levels still remains elevated compared to control levels. This could be 
due to insufficient rescue of isoprenoid biosynthesis in this model. In that case, higher 
concentrations of isoprenoids than those used in the present study might be more 
effective. FOH and GGOH directly correct prenylation of proteins, which GOH might 
establish indirectly. Therefore GOH might be effective at higher concentrations than 
FOH or GGOH. 
There is presently no effective treatment for HIDS or MA. If excess mevalonic acid is 
the cause of symptoms, then treatment with statins could be beneficial. Recently, 
Simon et al. reported the outcome of simvastatin treatment of 6 patients with the 
HIDS phenotype, which led to shorter periods of fever in most patients (34). 
Experience with statins in MA has been disappointing, however, with severe 
inflammatory attacks apparently provoked by the drugs. This could be explained by 
failure of the compensatory mechanism of elevated intracellular mevalonate levels 
through increasing HMG-CoA reductase activity in MA cells (33). Also our own 
findings provide an explanation for this effect, since it is indeed the lack of 
downstream isoprenoids that contributes to increased IL-1β and IFN-γ secretion in 
HIDS. 
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Summary 
 
Mevalonate kinase deficiency (MKD) is an autosomal recessive auto-inflammatory 
disorder characterized by recurring episodes of high fever associated with headache, 
arthritis, nausea, abdominal pain, diarrhea, and skin rash. Originally, two distinct 
syndromes were defined based on clinical presentation of the patients; classic 
mevalonic aciduria (MA) and the hyperimmunoglobulinemia D and periodic fever 
syndrome (HIDS). After the discovery that both disorders are caused by a deficiency 
of the same enzyme, due to mutations in the encoding MVK gene, they are now 
recognized as the severe and mild ends of the MKD spectrum. Patients with the HIDS 
presentation typically show the recurrent episodes of fever with associated 
inflammatory symptoms. Patients with the severe MA phenotype experience similar 
fever episodes but present with additional symptoms such as developmental delay, 
dysmorphic features, cataracts, psychomotor retardation, hypotonia, myopathy and 
ataxia. Several severely affected patients died during a febrile crisis. 
MK catalyzes the ATP-dependent phosphorylation of mevalonate to produce 5-
phosphomevalonate and is the first enzyme to follow the rate-limiting and highly 
regulated enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase in the 
isoprenoid biosynthesis pathway. The isoprenoid biosynthesis pathway provides cells 
with several bioactive molecules, including isoprenyl groups, the polyprenyl chain of 
heme A, dolichol and sterols. 
 
Chapter 1 gives a summary of the current knowledge on the isoprenoid biosynthesis 
pathway, its defects with emphasis on MKD, the other autoinflammatory syndromes 
and IL-1β. Chapter 2 describes all currently known mutations and the genotype-
phenotype correlations in MKD. The effect of several of the mutations on MK protein 
stability and activity were studied using different patient cell lines. These studies 
showed that an increase in enzyme activity correlates well with an increase in MK 
protein levels in most cell lines, indicating that most of the mutations in MKD affects 
stability and/ or folding of the MK protein. 
 
An important question in MKD is how a defect of isoprenoid biosynthesis contributes 
to (periodic) fever and inflammation. In MKD patients both pro- and anti-
inflammatory cytokines are elevated, suggesting that dysregulation of the cytokine 
network could play role in the pathogenesis of MKD. The aim of the study described 
in chapter 3 was to recognize possible mechanisms leading to the onset of or 
predisposing to fever and inflammation in MKD. To this end, the effect of MKD on the 
expression of genes and proteins involved in cytokine responses was studied. 
Cytokine antibody arrays, which can detect the protein expression of 174 cytokines, 
showed as the most striking difference between MKD and control whole blood culture 
samples that the IL-1β levels were markedly higher in the MKD samples. These high 
IL-1β levels lead to increased IL-6 and GRO levels. The transcription of the genes 
encoding IL-1β, IL-1α, IL-6 and TNF-α were somewhat elevated in the PBMCs from 
the MKD patients compared to control PBMCs. However, overall there were no large 
differences observed between the expression levels of genes involved in inflammation 
in the LPS-stimulated PBMCs from MKD patients and control subjects. The 
mechanism of inflammatory response after stimulation with LPS does not differ 



                                                                                                                                                           Summary 

 105 

between MKD and controls, but MKD cells react stronger to a stimulus, leading to 
higher levels of secreted IL-1β and a more activated cytokine network. 
Because IL-1β appears to play an important role in the pathogenesis of several 
autoinflammatory diseases including MKD it has been used as readout in the next 
studies. 
 
MKD leads to both an accumulation of mevalonate and a reduced production of 
isoprenoid end products. In another study (chapter 6) we reported that increased IL-
1β secretion by MKD cells is due to a temporary shortage of certain isoprenylated 
proteins. However, other groups postulated that it is the accumulation of mevalonate 
which has a pro-inflammatory effect. To get further insight into this, we studied the 
effect of addition of intermediate metabolites and inhibitors of the isoprenoid 
biosynthesis pathway on IL-1β secretion by PBMCs from MKD patients and from 
healthy controls (chapter 4). The obtained results clearly show that a shortage of 
geranylgeranylated proteins rather than an excess of mevalonate is most likely to 
cause increased IL-1β secretion by PBMCs of MKD patients. Which of the 
geranylgeranylated proteins (e.g. Rho, Rac, Cdc42) might play a role in the 
pathogenesis of MKD is still subject of further investigations but preliminary data 
suggest a role for Rac1 in the regulation of the IL-1β induced inflammatory response. 
 

The synthesis, processing and release of mature IL-1β are tightly regulated events and 
multiple signaling pathways are involved in the transcriptional upregulation of proIL-

1β, including pathways triggered by IL-1β itself, by other inflammatory cytokines such 
as TNF, or by various Toll-like receptor (TLR) ligands such as lipopolysaccharide 

(LPS). The conversion of proIL-1β into the active mature 17-kDa IL-1β form requires 

the cleaving by the IL-1β converting enzyme (ICE, also known as caspase-1). 
In chapter 5 we studied the regulation of IL-1β secretion in impaired isoprenoid 
biosynthesis (by using simvastatin) in the monocytic cell line THP-1. Our results 
suggest that inhibition of the isoprenoid biosynthesis pathway triggers caspase-1 
mediated processing of pro-IL-1β and subsequent secretion of mature IL-1β. 
 
In chapter 6 we described that it is a shortage of isoprenoid end products that 
contributes to increased IL-1β and IFN-γ secretion by PBMCs from MKD patients. 
The amount of increase depends on the severity of the phenotype; the PBMCs from 
MKD patient with the MA phenotype secreted more IL-1β and IFN-γ than PBMCs 
from patients with the HIDS phenotype. 
 
There are currently no established therapies for MKD, although treatment with the 
recombinant form of IL-1 receptor antagonist anakinra was shown to be effective in 
relieving the symptoms in a few patients. The results described in this thesis indicate 
that inhibiting caspase-1 activity might be a more effective treatment option in MKD. 
Raising the availability of geranylgeranylated proteins (probably Rac1) in MKD, for 
example by increasing the pathway flux towards non sterol isoprenoid biosynthesis, 
may provide another option to treat MKD. Also strategies aimed at increasing stability 
and/or folding of the mutant MK proteins in MKD may provide a basis for therapy to 
alleviate or prevent the clinical symptoms associated with MKD. 
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Samenvatting voor iedereen 
 
Dit proefschrift gaat over de ziekte mevalonaat kinase deficientie (MKD). Dit is een 
aangeboren ziekte die in het algemeen op jonge leeftijd ontdekt wordt. Meestal in het 
eerste levensjaar na de eerste vaccinatie. Deze vaccinatie lokt dan een heftige 
koortsperiode uit die gepaard gaat met koude rillingen, gewrichtsklachten, 
huiduitslag, hoofdpijn, duizeligheid, buikpijn, braken en diarree. De koorts kan snel 
oplopen tot 40 graden en houdt 3 tot 4 dagen aan. Opvallend is dat zo’n koortsperiode 
gemiddeld elke 3 tot 6 weken weer terugkomt. We noemen MKD dan ook wel een 
periodiek koorts syndroom. Behalve vaccinaties kunnen ook infecties, verwondingen 
of spanning (bijvoorbeeld voor een verjaardag) aanleidingen zijn voor een 
koortsaanval. In de meeste gevallen is er echter geen aanwijsbare aanleiding voor een 
koortsaanval te vinden.  
Oorspronkelijk waren er 2 verschillende syndromen beschreven: In 1984 werd het 
hyperimmunoglobulinemieD en periodiek koorts syndroom (HIDS) beschreven door 
Nederlandse artsen. Zij noemden de ziekte naar de abnormaal hoge immunoglobuline 
D (IgD) dat in het bloed van deze patienten werd gevonden en naar de opvallende 
terugkerende koortsperioden. Een jaar later werd werd mevalonaciduria (MA) 
beschreven. Deze ziekte werd vernoemd naar de grote hoeveelheid mevalonzuur dat 
in de urine van de patienten werd gevonden. Patienten met de ernstige MA vorm van 
MKD hebben naast de koortsperioden vaak extra ernstige symptomen zoals 
misvormingen aan het gelaat, bloedarmoede, staar en blijven achter in mentale 
ontwikkeling en groei. Veel MA patienten overlijden op jonge leeftijd tijdens een 
koortsperiode.  
In 1999 werd duidelijk dat beide ziekten werden veroorzaakt door slecht functioneren 
van hetzelfde enzym, namelijk mevalonaat kinase (MK). MK is een enzym betrokken 
is bij de aanmaak van isoprenoiden. Isoprenoiden zijn stoffen die een rol spelen bij 
verschillende processen in het lichaam zoals het delen en de ontwikkeling van cellen. 
Een bekend voorbeeld van een isoprenoid is cholesterol. Isoprenoiden worden in 
verschillende stappen opgebouwd uit stoffen als vetten, suikers en aminozuren. Elke 
stap wordt verzorgd door een enzym. MK is een enzym dat een van de eerste stappen 
van de isoprenoid aanmaak verzorgd. Als dit enzym dus niet goed functioneert, 
oftewel een verlaagde activiteit heeft, dan krijg je verschijnselen als koortsperioden. 
Het is gebleken dat hoe slechter het enzym functioneert, hoe ernstiger de ziekte is. De 
ernst van de ziekte (MKD) kan varieren van relatief mild (zoals HIDS) tot zeer ernstig 
(zoals MA).  
Hoe laag de activiteit van MK is, hangt af van waar de fout (mutatie) in de erfelijke 
informatie (gen) welke codeert voor MK zich bevindt. Sommige mutaties worden 
alleen gevonden bij de milde variant van MKD (HIDS). Deze mutaties beïnvloeden de 
activiteit van MK dus minder negatief dan andere mutaties.  
In hoofdstuk 2 geven we een overzicht van alle mutaties die tot nu toe bekend zijn. We 
hebben daarbij ook voor een aantal mutaties onderzocht wat het effect op de activiteit 
en de stabiliteit van het MK enzym was. Het bleek dat activiteit van het enzym sterk 
afhing van de stabiliteit van het enzym. Als we de mate van stabiliteit kunnen 
verhogen, kunnen we daarmee de activiteit van MK verhogen. 
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Het was een verrassende ontdekking toen bleek dat een defect van MK 
verantwoordelijk bleek te zijn voor klinische verschijnselen als koorts waarbij je 
eerder zou denken aan een defect in het immuunsysteem. De grote vraag bij MKD is 
dan ook: Hoe leidt een defect van een enzym in de aanmaak van isoprenoiden (dus 
een fout in een stofwisselingsroute) nu tot die klinische verschijnselen als 
koortsperioden?  In bloed van MKD patienten zijn cytokinen (stofjes/ eiwitten die de 
ontstekingreactie van het immuunsysteem reguleren) verhoogd. Dus het verkeerd 
reguleren door die cytokinen kan een rol spelen bij het ontstaan van 
ziekteverschijnselen van MKD. In hoofdstuk 3 hebben we de aanwezigheid 
onderzocht van eiwitten die betrokken zijn bij ontstekingsreacties in MKD. IL-1β is 
een belangrijk en actief cytokine in ontstekingsreacties en juist dit cytokine wordt 
meer uitgescheiden door bloedcellen van MKD patienten dan door bloedcellen van 
controle mensen. We hebben ook gekeken naar de genexpressie van die 
ontstekingseiwitten, maar daarbij zagen we geen grote verschillen tussen MKD en 
controles.  
 
Omdat MK niet goed functioneert in MKD hoopt de stof mevalonzuur op, welke 
normaliter door MK zou worden omgezet. Verder worden er ook minder isoprenoiden 
gevormd als MK niet goed werkt. Hoewel we eerder hadden beschreven dat een 
verminderde productie van isoprenoid eindprodukten leidt tot verhoogde IL-1β 
secretie wat tot ontsteking kan leiden (hoofdstuk 6), bleef er in de literatuur discussie 
bestaan of de ontstekingsreactie in MKD door een ophoping van mevalonzuur of door 
een tekort aan isoprenoiden ontstaat. In hoofdstuk 4 hebben we een einde aan deze 
discussie willen maken door cellen van MKD patienten en controle personen bloot te 
stellen aan mevalonzuur, aan eindprodukten en aan allerlei remmers van enzymen die 
een rol spelen in de isoprenoid route. We kwamen hierbij tot de conclusie dat een 
(tijdelijk) tekort aan geranylgeranylfosfaat leidt tot verhoogde IL-1β uitscheiding. 
Geranylgeranylfosfaat levert geranylgeranylgroepen die aan eiwitten worden gezet 
zodat die eiwitten hun functie kunnen uitoefenen. 
Welke van die eiwitten met een geranylgeranylgroep een rol speelt bij de ziekte MKD 
wordt op dit moment onderzocht door 3 belangrijke eiwitten met een 
geranylgeranylgroep, namelijk Rac1, RhoA en Cdc42 te inactiveren. De eerste data 
wijzen erop dat te weinig Rac1 een rol kan spelen bij de ontstekingsreactie in MKD. 
 
Op welk niveau binnen de cel een remming in de isoprenoid route tot verhoogde IL-1β 
uitscheiding leidt, kan belangrijk zijn om aanknopingspunten te vinden voor 
mogelijke therapie. IL-1β moet eerst op genniveau worden gemaakt en vervolgens kan 
dat omgezet worden tot het eiwit IL-1β. IL-1β moet vervolgens geknipt worden 
waarna het zijn vorm krijgt waarin het actief is. Hierna gaat het de cel uit en kan het 
ergens anders zijn werk doen. Dat knippen gebeurd door caspase-1, een eiwit dat zelf 
ook eerst geknipt moet zijn om IL-1β te kunnen knippen. Wij hebben in hoofdstuk 5 
gekeken wat er allemaal gebeurd met IL-1β en caspase-1 als je de aanmaak van 
isoprenoiden remt. Het lijkt erop dat remming van de isoprenoid aanmaak het meeste 
invloed heeft op de activiteit van caspase-1. 
 
In hoofdstuk 6 hebben we beschreven dat een tekort aan isoprenoide eindproducten 
bijdraagt aan een verhoogde uitscheiding van de ontstekings-cytokinen IL-1β en IFN-
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γ door cellen van patienten met MKD. De mate waarin deze verhoogde uitscheiding 
optreedt, hangt samen met de ernst van de ziekte; cellen van een patient met de 
ernstige MA variant scheiden meer IL-1β en IFN-γ uit dan cellen van de patienten met 
de milde HIDS variant. 
 
In de studies beschreven in dit proefschrift zijn een aantal vragen opgelost en er zijn 
uiteraard weer nieuwe vragen bijgekomen. Er zijn nieuwe aanknopingspunten voor de 
ontwikkeling van therapieën voor MKD ontdekt. Zo zou een therapie die ervoor zorgt 
dat meer eiwit goed gevouwen wordt, ervoor kunnen zorgen dat er meer activiteit van 
MK optreedt bij patienten met bepaalde mutaties. Dit zou symptomen in MKD 
kunnen verminderen of misschien wel voorkomen. Ook manipulaties van de aanmaak 
van isoprenoiden wat leidt tot meer aanmaak van gegeranylgeranyleerde eiwitten 
(met name Rac1) zou een therapie optie kunnen zijn. Een andere therapie zou gericht 
kunnen zijn op het remmen van caspase-1 activiteit. 
Of deze potentiële nieuwe therapieën daadwerkelijk een effectieve behandeling voor 
MKD patienten kan opleveren, zal in de toekomst uit verder onderzoek moeten 
blijken. 
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Tijdens mijn promotie-onderzoek heb ik hulp en steun gehad van vele collega’s en 
vrienden. Bovenal heb ik een leuke en gezellige tijd gehad op ons lab GMZ! 
 
Allereerst wil ik Hans bedanken. Als directe begeleider was jij het meest betrokken bij 
mijn onderzoek. Tijden de pittige laatste loodjes vond jij dat ik toch op vakantie moest 
gaan en zorgde ervoor dat je alles gelezen had in de tussentijd! Bedankt voor alle 
vrijheid, vertrouwen, adviezen, suggesties en discussies!  
Joost, bij jou en Ger begon mijn MKD-carriere. Dat ik gegrepen werd door het 
periodieke koorts virus, heeft zeker te maken met jouw enthousiasme! Jij vormde 
tevens de link met de kliniek die zorgde voor betrokkenheid bij en bloed van 
patiënten. Dank je wel! 
Ronald, ondanks alle verschillende onderzoeken op het lab, wist je ook op het MKD-
vlak mee te praten. Bedankt voor alle adviezen en ideeën! 
 
Uiteraard wil ik de cholesterolgroep bedanken: 
Te beginnen met mijn MKD-maatje Marit. Door ons gemeenschappelijk onderwerp 
waren we tot elkaar veroordeeld, maar ik had het niet beter kunnen treffen. Vanaf 
begin af aan deelden we hotelkamers, labtafel, oplossingen, ideeën, frustaties. Ik vind 
het heel erg leuk dat we ook de laatste promotieperikelen met elkaar kunnen delen, 
ook als elkaars paranimf. Dank je wel voor alle hulp en vriendschap! 
Marjolein, cholesterol-pitbull. Jij beet je vast in het uiterst nauwkeurig uitvoeren van 
Lightcyler proeven en het elke keer opnieuw bouwen van allerlei mutanten. Bedankt 
hiervoor en voor alle steun.  
Janet, ook jij hebt menig moleculair experiment voor me gedaan. Jij bent er echt een 
kei in! Bedankt voor alle experimenten! 
Linda van de nieuwere cholesterol-lichting. Altijd bereid bij te springen (ook als je zelf 
genoeg te doen had). Ik ken weinig mensen die zoveel praten als jij, maar ik heb altijd 
veel plezier aan je verhalen beleefd. 
Sietske van de oudere cholesterol-lichting. Bedankt voor meedenken, gezelligheid en 
het MK antilichaam!! 
Sander (toch een beetje cholesterolgroep, al mocht je alleen mee met het 
cholesteroluitje omdat Hans anders alleen met 5 vrouwen zat ;-)), bedankt voor het 
meedenken en lezen van manuscripten! 
 
Mijn kamergenoten van F0-116 wil ik voor van alles en nog wat bedanken: 
Jasper voor het leveren van opbeurende muziek (koos en christa) en sintgedichten, 
Marc voor het leveren van opbeurende toblerone, Robert-Jan, Annemieke voor alle 
“prikaccidenten” en koffie, Riekelt voor onuitputtelijke voorraad liedjes van je laptop, 
Pedro, Rob voor alle praktische hulp, Linda en Marit, bedankt!!! 
Ook alle andere (ex) AIO’s Ference (ook ik mis de treinreisjes, vooral de hilarische als 
chips, Hoofddorp), Naomi (regelaar van (ex)AIO eten), Merel, Roos, Catia, Paula, 
Annemieke de R., Claire, Malika, Jeannette (coca cola lightbreaks zijn leuke etentjes 
met zijn 4-en geworden), Daan (goede concerttips!), Wouter, Jolein, Christiaan, 
Hidde, Nadia, Jörgen wil ik bedanken voor een luisterend oor en voor gezelligheid 
tijdens AIO etentjes en op het lab. 
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Ook de rest van het lab wil ik bedanken voor de gezellige gesprekken tijdens de koffie, 
borrels en labuitjes. Uiteraard wil ik jullie ook bedanken voor alle wetenschappelijke 
bijdragen en hulp tijdens experimenten. Petra en Patricia (voor het opkweken van 
vele patientencellijnen en voor de controle cellijnen die er altijd wel waren), Conny, 
Jos, Simone, Lodewijk, bedankt voor alle adviezen tijdens werkbesprekingen en op 
het (isotopen)lab. 
 
Bij een promotie-onderzoek komt een hoop geregel kijken zoals het regelen van 
controle-bloed, van bestellingen, het regelen van een promotiedatum, het regelen van 
schoon glaswerk en een schoon lab. 
Maddy, Susan, Sjoukje, Annelies, Rally, Gerrit-Jan, Desi, Jan, Annie, bedankt voor al 
die o zo belangrijke regelzaken! 
 
Tijdens niet echt periodieke bijeenkomsten met ‘Nijmegen’ en ‘Utrecht’ kwamen er 
nieuwe inzichten op (mijn) MKD onderzoek. Bedankt voor de discussies en ideeën. 
 
Mijn nieuwe collega’ s van DeltaCell wil ik bedanken voor meeleven met de laatste 
promotieperikelen. 
 
Al mijn vrienden en vriendinnen (Pink Ladies, Viveur, Cello’s, Geo’s) wil ik bedanken 
voor alle belangstelling voor mijn AIO wel en wee, maar bovenal bedankt voor alle 
etentjes, goede gesprekken, feestjes, weekenden weg. Kortom, bedankt voor jullie 
vriendschap!!!! 
 
Ook mijn familie voor wie het AIO-zijn en mijn onderzoek soms acrabadabra waren, 
wil ik bedanken voor hun belangstelling. 
Amke, John, Niels en Jorik; ik heb het getroffen met jullie. Bedankt voor alle interesse 
en afleiding! 
Jaap en Anne-marie, bedankt voor het vertrouwen in mijn kunnen en voor jullie 
belangstelling. Dat Jaap mijn artikelen las en er vervolgens vragen over stelde, vind ik 
heel bijzonder. 
Linda, je bent een lieve schoonzus. Bedankt voor alle interesse in mijn (AIO) leven. 
Martijn, als broer en zus kunnen we perfect een front vormen (4 handen op 1 buik, 
zoals oma altijd zei). Ik vind het dan ook een fijn idee dat jij (de ervaren paranimf) 
naast me staat bij mijn promotie. 
Rob, ik weet dat je er alles aan doet om er 15 februari als trotse ouder bij te zijn. Je 
bent sowieso  altijd trots  op mij geweest. Bedankt voor dat vertrouwen! 
Kitty, eindelijk dan mijn ‘afstuderen’! Het maakt niet uit wat ik doe (of je nou al die 
wetenschap begrijpt of niet), je staat achter mij. En of je naar Utrecht of naar Leiden 
moet komen om mij te helpen, je komt er zo aan. Dat waardeer ik heel erg! Dank je 
wel voor alle steun! 
Bart, partnernimf. Successen vierde je met me mee; je maakte zelfs mijn eigen hall-of-
fame! En als het tegenzat maakte je opvrolijk-CD’s of slechte grappen. De laatste 
loodjes waren pittig, maar mede dankzij jouw optimisme en motiverende woorden 
zijn ook de laatste hordes genomen. Dank je wel voor alles!!!!!! 
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