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Generation and characterization of two mouse 
models for mevalonate kinase deficiency

Linda Henneman
Marjolein Turkenburg
Merel S. Ebberink 
Hans R. Waterham

Academic Medical Centre, University of Amsterdam, Laboratory Genetic Metabolic Diseases, 
Departments of Clinical Chemistry and Pediatrics, Amsterdam, the Netherlands

P

O

O
O-O-

O
P

O

O-



Chapter	6

6

90

ABSTrACT

Mevalonate kinase deficiency (MKD) is an inherited autoinflammatory and metabolic 
disorder characterized by recurrent episodes of fever and inflammation. MKD is caused 
by mutations in the MVK gene encoding mevalonate kinase (MK), a key enzyme in 
the isoprenoid biosynthesis pathway. In this study we generated and characterized 
two MK-deficient mouse models. We first introduced the common human disease-
causing c.1129G>A (p.V377I) mutation by knock-in in exon 11 of the murine Mvk 
gene, creating an MvkV377I allele with two LoxP sites flanking exon 10 and 11 of the 
targeted allele. Subsequent crossing of mice harboring the floxed MvkV377I allele with a 
general Cre-expressing mouse strain created a functional Mvk knock-out allele, lacking 
exon 10, intron 10 and exon 11, i.e., MvkDEL. Interbreeding of these mice resulted in 
mice harboring the MvkV377I/V377I and MvkV377I/DEL genotype, which mimic the spectrum 
of MKD in humans as reflected by the decreased MK activities in liver, kidney and 
spleen. Both mouse models have increased levels of mevalonic acid in urine compared 
to controls and cultured tail fibroblasts exhibit a temperature-sensitive MK-deficiency 
similar as previously observed in patient cells. LPS stimulation of MvkV377I/V377I mice 
appears to induce a rapid pyrogenic response, which most likely compensates for the 
rapid decrease in body temperature observed in LPS-stimulated wild-type mice. After 
LPS administration pro-inflammatory cytokine levels were increased in plasma, but no 
differences were detected between MvkV377I/V377I and wild-type mice. Our studies indicate 
that these MK-deficient mouse lines are promising models to study the pathophysiology 
associated with MKD.
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INTroDuCTIoN

Mevalonate kinase deficiency (MKD) is an autosomal recessive metabolic disorder 
characterized by recurrent episodes of high fever associated with headache, arthritis, 
nausea, abdominal pain, diarrhea and skin rash. MKD is caused by mutations in the MVK 
gene encoding mevalonate kinase (MK), the first enzyme to follow the rate-limiting 
and highly regulated HMG-CoA reductase in the isoprenoid biosynthesis pathway [1;2]. 
The isoprenoid biosynthesis pathway plays an important role in cellular metabolism. It 
provides the cell with a variety of sterol and nonsterol isoprenoids required for essential 
cellular processes including cell growth, cell differentiation, protein glycosylation, 
protein isoprenylation and various signal transduction pathways [3].
Two previously described clinical entities, i.e., autoinflammatory hyper-IgD and periodic 
fever syndrome (HIDS; MIM# 260920) and classic mevalonic aciduria (MA; MIM# 
251170), are both caused by a deficient activity of MK and currently considered to 
represent the mild and severe clinical and biochemical ends of the MKD spectrum [4-
6]. Patients with HIDS typically show recurrent episodes of high fever with associated 
inflammatory symptoms [7], whereas patients with the more severe MA presentation 
in addition to such episodes show developmental delay, dysmorphic features, ataxia, 
cerebellar atrophy, and psychomotor retardation and may die in early childhood [8]. The 
different degrees of disease severity can be correlated to the residual activity of MK in 
cells of patients [9]. Cells of patients with HIDS show a residual MK activity of 1-10%, 
when compared with control cells, while in cells of patients with MA the enzyme activity 
is below detection levels. 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 MA 
and low to moderate levels of mevalonic acid in patients with HIDS. 
During fever attacks, plasma concentrations of pro-inflammatory cytokines such as 
interleukin-6 (IL-6) and interferon gamma (IFN-γ) are elevated, indicating an acute 
inflammatory state [10;11]. Ex vivo production of pro-inflammatory cytokines, such 
as IL-1β, was also seen between fever episodes [12;13]. IL-1β is the prototypical pro-
inflammatory cytokine and plays an important role in the pathogenesis of several 
autoinflammatory diseases, including MKD [14]. Although the precise molecular 
mechanism by which a depressed MK activity leads to an inflammatory phenotype is 
still unknown, there are strong indications that it is due to a temporary shortage of 
isoprenoid end products [13;15;16]. 
So far, two mouse models have been reported to study aspects of MKD in	vivo. The 
first model involves a mouse strain with a deletion of only one of the two Mvk alleles 
[17]; deletion of both alleles appears to be embryonic lethal. This heterozygous Mvk+/- 
strain still has approximately 50% residual activity of MK in tissues, which is far from 
comparable to the much lower residual MK activities observed in human MKD. Although 
some immunological differences between wild-type and Mvk+/- mice were observed, only 
IgD levels were significantly higher in Mvk+/- mice. The second reported mouse model 
was pharmacologically induced by treating Balb/c mice with aminobisphosphonate 
alendronate and bacterial muramyldipeptide [18]. Aminobisphosphonates are inhibitors 
of the enzyme farnesyl pyrophosphate synthase, which is located downstream of MK 
in the isoprenoid biosynthesis pathway. When administered with the pro-inflammatory 
bacterial compound muramyldipeptide, alendronate triggered a severe systemic 
inflammatory response in mice, which was prevented by the administration of selected 
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isoprenoids, in particular geraniol and geranylgeraniol [18].
In this report we describe the generation by gene targeting of two mouse models 
that present close genocopies of the human disease. The generated mice are either 
compound heterozygous for two mutations in the Mvk gene, the c.1129G>A (p.V377I) 
mutation, identical to the most commonly observed mutation associated with HIDS 
in humans, and a deletion of exon 10 and 11, or homozygous for the c.1129G>A 
(p.V377I) mutation. Biochemical characterization of the two mouse models indicate 
that they represent good phenocopies for the human disorder and thus will be suitable 
for studies to the pathophysiology associated with MKD.

MATerIALS AND MeTHoDS

Generation of MK-deficient mice
Heterozygous MK-deficient mice were generated for us by the Institut Clinique de 
la Souris (ICS) - Mouse Clinical Institute (MCI) in Strasbourg, France by means of 
homologous recombination in 129/Sv embryonic stem (ES) cells using the targeting 
vector shown in figure 1A. Upon recombination, the targeted allele contained two 
loxP sites encompassing exon 10 and 11, a c.1129G>A (p.V377I) missense mutation 
in exon 11 and a neomycin cassette flanked by two FRT sites in intron 11. Following 
electroporation, 600 independent ES clones were screened for integration of the 
targeting vector. Correct recombination was confirmed by southern blot analysis in 
two positive ES clones that had a normal karyotype. The presence of the c.1129G>A 
mutation in the Mvk allele was verified by sequencing. Chimeric mice were obtained 
by injection of ES cells of the two clones into blastocysts from strain C57BL/6, followed 
by implantation of injected embryos into pseudopregnant females for development to 
term. Male chimeras were mated with C57BL/6 females to produce heterozygotes. The 
thus obtained heterozygotes were subsequently crossed with a general Flp recombinase-
expressing mouse strain to remove the neomycine cassette, followed by crossing with 
wild-type C57BL/6 mice to remove the Flp transgene. The genomic organization of the 
thus created MvkV377I allele is shown in figure 1B.
To create an MvkDEL allele, we crossed MvkV377I/WT mice with a general Cre recombinase-
expressing mouse strain (B6.C-Tg(CMV-cre)1Cgn/J, Jackson Laboratory, Bar Harbor, ME, 
USA) resulting in excision of exon 10 and 11 (Figure 1B). The resulting MvkDEL/WT mice 
were subsequently crossed with wild-type C57BL/6 mice to remove the Cre transgene. 
Homozygous MvkV377I/V377I mice were obtained by intercrossing with heterozygous 
MvkV377I/WT mice. Compound heterozygous MvkV377I/DEL mice were obtained by crossing 
MvkV377I/WT mice with MvkDEL/WT mice.

Genotyping of mice
Genotyping of the different MK-deficient mice strains was performed in genomic DNA 
isolated from toe clips using the TissueDirectTM Multiplex PCR system (GenScript, New 
Jersey, USA) according to the manufacturer’s instructions. To discriminate between 
the MvkWT, MvkV377I and MvkDEL alleles the following three primers are used for PCR 
amplification of gDNA: forward primer A, 5’-GCA AAT AGT AAG CCC TCC TCA 
CTG G-3’; reverse primer B, 5’-GAA ACC AGT TGG CTC CAG ACA CTA G-3’; and 
reverse primer C, 5’-CCC TTT CCT CCC CAA CTT ACA TCT TG-3’. The locations of the 
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Figure 1. A, generation of mutant Mvk locus. The wild-type Mvk locus (top), gene-targeting construct 
(middle), and Mvk locus after homologous recombination (bottom) are shown. Exons are depicted as filled 
boxes. Locations of loxP sites, FRT sites and PGK-neo are indicated. B, schematic diagram of the genomic 
Mvk structures in the mouse models. The wild-type allele (MvkWT, top), conditional allele (MvkV377I, middle) 
and knock-out allele (MvkDEL, bottom) are shown with the location of the loxP and FRT sites, and the V377I 
point mutation. The location and orientation of primers for PCR analysis and genotyping are indicated. The 
wild-type and conditional allele were identified with primers A and B, generating fragments of 195 bp for the 
wild-type allele and 245 bp for the conditional allele. The knock-out allele was identified with primers A and 
C, generating a fragment of 352 bp.

primers are indicated in figure 1B. The MvkWT (195 bp) and MvkV377I (245 bp) alleles are 
amplified with primers A and B in a PCR reaction that includes 30 cycles using 62°C for 
30 s as annealing step. A ‘touchdown’ PCR program was used to amplify the MvkDEL 

(352 bp) allele with primers A and C. The ‘touchdown’ program started with 3 min of 
denaturation at 94°C, followed by 10 cycles during which the annealing temperature 
was lowered with 1°C per cycle from 72°C to 62°C. Every cycle was initiated with 60 
s of denaturation at 94°C, followed by 60 s of annealing and 2.30 min of extention at 
72°C. These ‘touchdown’ cycles were followed by 25 cycles with 30 s of 94°C, 30 s at 
62°C and 2.30 min at 72°C.

Cholesterol, triglycerides and glucose in plasma
Plasma concentrations of cholesterol, triglycerides and glucose were determined 
according to standard clinical chemistry protocols.
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Determination of mevalonic acid in urine
Mevalonic acid concentrations were determined in urine by stable isotope dilution 
gas chromatography-mass spectrometry of the trimethylsilyl ether esters as previously 
described [19] using 2H7-mevalonolactone (CDN Isotope) as an internal standard.

Quantitative real-time RT-PCR analysis
Expression levels of Mvk and Hmgcr (encoding HMG-CoA reductase) mRNAs were 
determined using the LightCycler System (Roche, Mannheim, Germany) and related to 
the expression levels of Ppib (encoding cyclophilin B) mRNA used as housekeeping gene. 
Total RNA was isolated from mouse livers using TRIzol (Invitrogen, Carlsbad, CA, USA) 
extraction, after which complementary DNA (cDNA) was prepared using a first-strand 
cDNA synthesis kit for RT-PCR (Roche). The following primer sets were used to amplify 
part of the Mvk cDNA: 5’-CGC CTA CTC TGT GTG TCT GG-3’ (forward) and 5’-AGG 
CCC ACT TGT TGA TTG AC-3’ (reverse), part of the Hmgcr cDNA: 5’-TGT GGC CAG 
CAC TAA CAG AG-3’ (forward) and 5’-CAG GTG TTT CAA GCC AGG TC-3’ (reverse), 
and part of the Ppib cDNA: 5’-TGG AGA GCA CCA AGA CAG ACA-3’ (forward) and 
5’-TGC CGG AGT CGA CAA TGA T-3’ (reverse). Data were analyzed using LightCycler 
software, version 3.5 (Roche) and the program LinRegPCR [20], version 7.5 for analysis 
of real-time PCR data.

Mevalonate kinase activity measurements
MK enzyme activity was measured as described previously [21] using 14C-labeled 
mevalonate (NEN, Perkin Elmer Life Sciences, Boston, MA, USA) as substrate. 

Immunoblot analysis
Immunoblot analysis was performed with the same lysates used for MK enzyme activity 
analysis. Equal amounts of total protein were separated by SDS-PAGE and transferred 
onto nitrocellulose by semidry blotting. To verify equal transfer of proteins, each blot was 
reversibly stained with Ponceau S prior to incubation with antibodies. Affinity-purified 
antibodies directed against human MK [22], but which also cross-react specifically with 
mouse MK, were used at a 1:5,000 dilution. As a control for equal protein loading, 
we simultaneously probed immunoblots with monoclonal antibodies against β-actin 
(Sigma, St. Louis, MO, USA) using a 1:10,000 dilution. Antigen-antibody complexes 
were visualized with IRDye 800CW goat anti-rabbit secondary antibody for MK and 
IRDye 680CW goat anti-mouse secondary antibody for β-actin using the Odyssey 
Infrared Imaging System (LI-COR Biosciences, Nebraska, USA). 

Cell culturing
Mouse fibroblasts were grown from tail tips and cultured in 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) in a temperature- and 
humidity-controlled incubator (95% air, 5% CO2) at 37°C. Prior to experiments, cells 
were seeded in T75 culture flasks and grown until confluence. Subsequently, the 
medium was refreshed and the cells were cultured for 4 days at 37°C or 40°C. Cells 
were harvested by trypsinisation, washed once with PBS and twice with 0.9% NaCl, 
snap-frozen as pellets in liquid nitrogen and stored at -80°C until further analysis.
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Cytokine measurements
Cytokine analysis was performed in plasma using commercially available Bio-Plex Pro 
Cytokine Assays (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands) according to 
the manufacturer’s instructions. The Mouse Cytokines Group I 6-plex Kit was used for 
detection of IL-1α, IL-1β, IL-6, IL-10, IFN-γ and TNF-α. 

LPS administration of mice
IPTT-300 temperature transponders (PLEXX, Elst, The Netherlands) were implanted 
subcutaneous in 4-month-old male mice to monitor body temperatures. Temperatures 
were measured daily with a hand-held DAS 5002 scanner (PLEXX, Elst, The Netherlands) 
to determine normal body temperature and for mice to get used to the procedure. After 
7 days, the mice were injected i.p. with 2.5 mg E.	coli 055:B5 lipopolysaccharide (LPS; 
Sigma, St. Louis, MO, USA; stock 625 µg/ml) or saline solution per kg body weight. 
After LPS administration, body temperatures were measured every 2 hours and after 6 
hours mice were sacrificed and blood was collected for further analysis.

reSuLTS

Generation of MK-deficient mice
To develop mouse models for MKD we generated transgenic mice that carry the 
p.V377I mutation, which is identical to the mutation found in the MVK gene of >95% 
of patients with the HIDS phenotype [9]. To this end, we introduced by knock-in the 
c.1129G>A (p.V377I) mutation in exon 11 of the murine Mvk gene. The knock-in 
construct used to introduce the mutation included two loxP sites flanking exon 10 and 
11 of the Mvk gene, which allows excision by Cre recombinase of these two essential 
coding regions to produce a functional null allele, i.e., MvkDEL (Figure 1B). By crossing 
heterozygous MvkV377I/WT mice with a general Cre-expressing mouse strain we generated 
heterozygous MvkDEL/WT mice. After removal of the Cre transgene by back-crossing 
with wild-type C57BL/6 mice, the MvkDEL/WT mice were crossed with MvkV377I/WT mice to 
generate compound heterozygous MvkV377I/DEL mice. 

Figure 2. Increased levels of mevalonic acid in urine of 
MK-deficient mice. Mevalonic acid levels determined 
in urine of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice. 
Data represent the mean ± SD of pooled urine samples 
measured in duplicate.
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Phenotypic and metabolic characterization of MKD mice
Because previously it was reported that MvkDEL/DEL mice are embryonic lethal [17], we 
focused on generating MvkV377I/V377I and MvkV377I/DEL mice. Both mouse strains appeared 
to develop equally to at least 10 weeks and did not show any obvious adverse signs 
when compared with wild-type animals and, as far as tested, reproduced as well as wild-
type litter mates. The outcome of multiple matings to produce mice with the different 
genotypes revealed normal Mendelian ratios (Table 1). Upon sacrifice of animals that 
were ~10-weeks old, aberrations of the spleen were noted in 50% and 33% of the 
MvkV377I/V377I and MvkV377I/DEL mice, respectively. Histological analysis is pending.
Evaluation of metabolic parameters in plasma of the different MK-deficient mouse 
strains did not reveal differences in cholesterol, triglycerides and glucose levels when 
compared with wild-type litter mates (Table 2). Evaluation of serum IgD and IgA levels 
in the different mouse strains is pending.
Patients with MKD have elevated levels of mevalonic acid in plasma and urine, which 
correlates with the residual MK enzyme activity. A similar correlation was observed in 
pooled urine samples of mice with different genotypes. Both MvkV377I/V377I and MvkV377I/

DEL mice have significantly increased mevalonate levels compared to wild-type mice. The 
levels in the MvkV377I/DEL mice were more increased when compared to the MvkV377I/V377I 
mice (Figure 2).

Parameter MvkWT/WT MvkV377I/V377I

Glucose (mmol/L) 11.82 (3.36) 11.04 (2.93)
Cholesterol (mmol/L) 2.19 (0.73) 1.97 (0.31)
Triglyceride (mmol/L) 0.81 (0.20) 0.71 (0.17)

Parameter MvkWT/WT MvkV377I/DEL

Glucose (mmol/L) 25.32 (1.97) 21.84 (5.15)
Cholesterol (mmol/L) 1.88 (0.10) 1.83 (0.28)
Triglyceride (mmol/L) 0.61 (0.07) 0.60 (0.16)

Table 2
Metabolic parameters in plasma of MK-deficient mice

n=5, mean (sd)

MvkV377I/WT x MvkV377I/WT MvkWT/WT MvkV377I/WT MvkV377I/V377I

Number of animals 75 136 64
Percentage 27 50 23
Ratio 1.08 2 0.92

MvkV377I/WT x MvkDEL/WT MvkWT/WT MvkV377I/WT MvkDEL/WT MvkV377I/DEL

Number of animals 19 18 37 22
Percentage 20 19 38 23
Ratio 0.80 0.76 1.52 0.92

Table 1
Mendelian ratios
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Genetic and biochemical characterization of MKD mice
For genetic and biochemical characterization we used 10 week-old-mice with 3 different 
genotypes: MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL. Genotypes were confirmed using PCR 
primer sets specific for the MvkV377I and MvkDEL alleles. 
To determine whether the different mutations affect the levels of Mvk mRNA and, as 
a pathway control, Hmgcr mRNA, we quantified the levels of Mvk and Hmgcr cDNA 
prepared from mRNA isolated from liver tissue and corrected these for the levels of Ppib 
cDNA (Figure 3). This revealed significant lower Mvk mRNA levels in the MvkV377I/DEL mice 
compared to wild-type mice, while the Mvk mRNA levels in the MvkV377I/V377I mice were 
comparable. This indicates that the V377I mutation does not have an effect on Mvk 
mRNA levels, but that a deletion of exon 10 and 11 most probably results in degradation 
of the Mvk mRNA through nonsense mediated decay. There is no significant difference 
in Hmgcr mRNA expression levels.
Previously, we showed that the V377I mutation in human MK results in a lower MK 
enzyme activity in patient cells due to a temperature-dependent effect of this mutation 
on the correct folding/maturation of the encoded MK protein, which gives rise to lower 
levels of MK protein as demonstrated by immunoblot analysis [23]. To study if the 
c.1129G>A (p.V377I) mutation in the murine Mvk gene has the same effect on the 
encoded mouse MK, we first determined the MK enzyme activities and MK protein levels 
in liver lysates prepared from the different mouse strains. Similar to what we observed 
in cells from patients, we found decreased MK enzyme activities corresponding well 
with decreased MK protein levels due to the V377I mutation (Figure 4A). Both the MK 
enzyme activities and MK protein levels in liver lysates from the MvkV377I/DEL mice were 
clearly lower than those observed in liver lysates from wild-type and MvkV377I/V377I mice, 
respectively, confirming that the MvkDEL allele does not produce stable (truncated) MK 
protein, which corresponds well with the decreased Mvk mRNA levels in the MvkV377I/DEL 
mice. In addition to the MK activities in liver lysates, we also determined the activities 
and protein levels in lysates of kidney (Figure 4B) and spleen (Figure 4C) of the different 
mice strains and found comparable decreases in activity and protein levels as observed 
in liver. 

Figure 3. Relative mRNA expression levels of Mvk and Hmgcr in liver of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL 
mice. Data represent the mean ± SD of Mvk/Ppib and Hmgcr/Ppib ratios from 5 mice. Statistic analysis was 
performed with a two-tailed unpaired Student’s t-test, * = P < 0.01.
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To study whether the V377I mutation also provides a similar temperature-dependent 
effect on the folding/maturation of murine MK as observed for human MK, we 
determined MK enzyme activity and protein levels in tail fibroblasts grown from 
MvkV377I/V377I, MvkV377I/DEL and wild-type mice and cultured at 37°C or 40°C for 4 days. 
Indeed, strikingly similar as previously observed in cells from patients [23], we observed 
a marked and significant decrease in both enzyme activity and protein levels at 40°C 
when compared to 37°C in the fibroblasts harboring the MvkV377I allele (Figure 5).

Figure 5. Temperature sensitivity of MK in MK-deficient mice. A, MK activity measured in tail fibroblasts of 
MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice cultured at 37°C and 40°C for 4 days. Data represent the mean 
± SD of measurements in 5 cell lines. Statistic analysis of observed effects was performed with a two-tailed 
paired Student’s t-test, * = P < 0.05, ** = P < 0.01. B, immunoblots show MK protein and β-actin after 
culturing tail fibroblasts at 37°C and 40°C for 4 days.

Figure 4. Decreased MK activity and MK protein levels in tissue of MK-deficient mice. MK activity measured 
in liver (A), kidney (B) and spleen (C) in MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice. Data represent the mean 
± SD of measurements in tissue from 5 mice. Statistic analysis of observed effects was performed with a two-
tailed unpaired Student’s t-test, * = P <0.01, ** = P < 0.001. Immunoblots show MK protein and β-actin in 
liver, kidney and spleen of MvkWT/WT, MvkV377I/V377I and MvkV377I/DEL mice.
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Immunological characterization of MKD mice
Because MKD patients often show elevated levels of pro-inflammatory cytokines during 
and also between fever episodes, we determined the levels of several cytokines in 
plasma of the different MK-deficient mice without challenge. We detected no significant 
difference in the levels of IL-1α, IL-1β, IL-6, IL-10, IFN-γ and TNF-α between the MK-
deficient and wild-type mice (Table 3).

Cytokine (pg/ml) MvkWT/WT a MvkV377I/V377I b MvkV377I/DEL a

IL-1α 20.1 (4.6) 9.0 (7.1) 16.9 (6.1)
IL-1β 14.4 (16.4) 20.1 (23.2) 14.9 (14.7)
IL-6 9.3 (11.6) 5.1 (5.7) 6.5 (2.3)
IL-10 31.6 (10.5) 11.4 (9.4) 27.1 (3.2)
IFN-γ nd nd 0.8 (1.8)
TNF-α 18.5 (1.6) 21.9 (17.1) 18.5 (4.5)

Table 3
Cytokine levels in plasma of MK-deficient mice

a n=5, b n=4, mean (sd), nd = not detected

Next, we performed a pilot study with 2 groups comprised of 5 MvkV377I/V377I and 5 
wild-type mice each to determine whether the MK-deficient mice exhibit a similar 
inflammatory phenotype as observed in MKD patients. To this end, we first implanted 
the mice with subcutaneous temperature micro-transponders that allow easy read-out 
of body temperatures during the experiment. One week after implantation we injected 
intra-peritoneally one group of 5 MvkV377I/V377I and 5 wild-type mice with 2.5 mg/kg 
bodyweight of LPS and, as a control, a second group of 5 MvkV377I/V377I and 5 wild-type mice 
with saline solution and measured the body temperature every 2 hours. After 6 hours, 
the mice were sacrificed, blood samples were collected and serum cytokines measured. 
Both the MvkV377I/V377I and the wild type mice became rapidly hypothermic following the 
LPS injections (Figure 6), which is in line with the documented initial cryogenic response 
following LPS challenge of mice at room temperature [24-26]. Interestingly, however, 
the hypothermia observed in the wild-type mice was significantly more severe than in 
the MvkV377I/V377I mice. Indeed, the body temperature 6 hours after the LPS challenge 
of the wild-type mice (26.98 ± 2.31°C) was significantly lower (P<0.01) than that of 
MvkV377I/V377I mice (32.66 ± 0.71°C). This suggests that the cryogenic response in the 
MvkV377I/V377I mice was counterbalanced by a rapid pyrogenic response, which normally 
follows the initial cryogenic response induced by LPS [24].
Analysis of cytokine levels in plasma of the MvkV377I/V377I and wild-type mice taken 6 hours 
after the LPS challenge revealed a marked increase in the levels of the pro-inflammatory 
cytokines IL-1α, IL-1β, IL-6, TNF-α and IFN-γ, but also of the anti-inflammatory cytokine 
IL-10 (Table 4). At this point after the LPS challenge, however, no significant differences 
in cytokine levels were observed between the MvkV377I/V377I and wild-type mice.
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DISCuSSIoN

In this study we generated and characterized two MK-deficient mouse models that will 
be useful to study the pathophysiology associated with MKD. The generated mice are 
either compound heterozygote for two mutations in the Mvk gene, the c.1129G>A 
(p.V377I) mutation, present in >95% of the HIDS patients [9], and a deletion of exon 
10 and 11, or homozygote for the c.1129G>A (p.V377I) mutation. In HIDS patients the 
V377I mutation results in a lower MK enzyme activity due to a temperature-dependent 
effect of this mutation on the correct folding/maturation of the encoded MK protein, 
which leads to lower levels of protein [23]. The V377I mutation appears to have the 
same effect on the encoded mouse MK. We found reduced MK activities and MK protein 
levels in liver, kidney and spleen of both MK-deficient mouse strains compared to wild-
type mice. The MvkV377I/DEL mice had much lower MK activities and protein levels than 
the MvkV377I/V377I mice, which indicates that the MvkDEL allele does not produce a stable/
functional MK protein. Moreover, cultured tail fibroblasts from both MvkV377I/V377I and 
MvkV377I/DEL mice displayed a similar temperature-sensitive MK-deficiency as previously 
observed in patient cells. Hager et al. reported a mouse model of HIDS in which loss of 
a single Mvk allele (Mvk+/-) resulted in a 50% decrease in MK activity in liver [17]. This 
residual MK activity, however, is still rather high compared to human MKD. Our MvkV377I/

V377I mice also have a residual MK activity of approximately 50%, though this MK activity 
is further decreased at elevated temperatures. As expected the MvkV377I/DEL mouse strain 
exhibits an even lower residual MK activity of 10-15%, with an additional decrease of 
90% at 40°C. Therefore, the MvkV377I/DEL model is very similar to patients with MKD with 
respect to MK activity.
In the reported Mvk+/- mice an accumulation of mevalonate in spleen, kidney and heart 
was measured, however, the decrease of MK activity did not have an adverse effect 
on end product formation, such as cholesterol, dolichol and ubiquinone [17]. Our 
mouse models showed comparable results. We measured significantly elevated levels 
of mevalonic acid in urine of the MK-deficient mouse strains, another characteristic in 

Figure 6. Body temperature of MK-deficient mice after LPS stimulation. MvkWT/WT (A) and MvkV377I/V377I (B) 
mice were injected with 2.5 mg/kg body weight of LPS or saline solution i.p. and body temperatures were 
monitored with implanted temperature micro-transponders. Data represent the mean ± SD of measurements 
from 5 mice.
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human MKD, which correlated well with the residual MK enzyme activity. Furthermore, 
cholesterol levels in plasma were normal, which shows parallels with the metabolic 
features of patients with MKD. These patients have only moderately decreased or low 
normal serum cholesterol levels despite a markedly decreased activity of MK [8;27]. 
MA patients, in whom the MK activities are below detection levels, however, do exhibit 
reduced levels of ubiquinone-10 in plasma [8;28] and reduced biosynthesis of dolichol 
[29].
Hager et al. described elevated levels of serum IgA, IgD and TNF-α in the Mvk+/- mice which 
is consistent with observations in patients, however, only IgD levels were significantly 
higher. This increase was considerably higher in mice older than 15 weeks [17]. We 
did not detect a significant difference in the levels of IL-1α, IL-1β, IL-6, IL-10, IFN-γ 
and TNF-α in plasma of our MK-deficient mice compared to wild-type mice (Table 3). 
However, the ratio of IL-1β/IL-10 was almost 6-fold higher (2.40 ± 4.16 vs 0.42 ± 0.41) 
in the MvkV377I/V377I mice compared to wild-type mice. This indicates a pro-inflammatory 
state given the fact that Il-1β is a pro-inflammatory and IL-10 is an anti-inflammatory 
cytokine. The IL-1β/IL-10 ratio was not higher in the MvkV377I/DEL mice, however. Possibly, 
this difference is more explicit in older mice, since our mice were only 10 weeks of age 
and immunological differences were also more distinct in older Mvk+/- mice [17]. This is 
also suggested by the results of our LPS experiment where we used 4-month-old mice. 
The ratio of IL-1β/IL-10 is 25-fold higher in the MvkV377I/V377I mice compared to the wild-
type mice in the saline-treated group (3.65 ± 5.50 vs 0.14 ± 0.32).
Hepatomegaly and splenomegaly are common characteristics in patients with MKD 
and this was found in 25% and 33% of the Mvk+/- mice, respectively [17]. So far, we 
did not find these phenotypic characteristics, which may be related to the fact that our 
MK-deficient mice were 10 weeks of age upon sacrifice, whereas the Mvk+/- mice were 
between 20 and 40 weeks of age. However, we noted aberrant spleens in 50% and 
33% of the MvkV377I/V377I and MvkV377I/DEL mice, respectively. 
MKD patients are in a severe inflammatory state during fever episodes and to investigate 
whether our MK-deficient mice display a similar inflammatory phenotype, we stimulated 
mice with LPS to evoke an inflammatory response as observed in patients. In accordance 
with the documented cryogenic response that normally occurs upon LPS exposure at 
room temperature [24-26], the wild-type mice showed a strong cryogenic response 
as demonstrated by the rapid decrease in body temperature. In contrast, the MvkV377I/

V377I mice only showed a minor decrease in body temperature. Thus, it appears that the 

Cytokine (pg/ml) MvkWT/WT MvkV377I/V377I

Saline LPS Saline LPS

IL-1α 14.8 (6.4) 30.3 (7.8) 12.7 (6.7) 29.8 (9.0)
IL-1β 8.0 (18.0) 278.6 (41.9) 19.5 (27.1) 327.6 (140.9)
IL-6 10.5 (8.2) 2445.6 (284.2) 7.8 (6.3) 2972.0 (2473.2)
IL-10 19.4 (20.5) 264.3 (135.2) 5.5 (6.7) 253.6 (88.7)
IFN-γ 2.5 (3.4) 56.6 (26.8) nd 84.9 (71.1)
TNF-α 20.0 (5.8) 210.0 (41.5) 21.2 (4.3) 244.5 (141.8)

Table 4
Cytokine levels in plasma after 6 hours of LPS stimulation

n=5, mean (sd), nd = not detected
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MvkV377I/V377I mice are less sensitive to the cryogenic consequences of LPS stimulation. 
We believe that this is because these MK-deficient mice are already primed to develop 
a rapid inflammatory pyrogenic response, which in LPS-stimulated wild-type mice 
normally follows the cryogenic response in a later stage [24]. Previously, it has been 
demonstrated that the LPS-induced cryogenic response in mice can be prevented when 
mice are kept under higher ambient temperatures [25;26]. Mice have a thermoneutral 
zone at 30-31°C, however, our LPS experiment was accomplished at room temperature, 
therefore, to study the pyrogenic response in more detail, future experiments will be 
performed at an ambient temperature of 30°C. Cytokine levels in plasma of LPS-treated 
mice were elevated indicating an inflammatory response, however, no differences 
were seen between MK-deficient and wild-type mice. Possibly, the LPS concentration 
used was too high to observe differences and thus for future experiments we will 
subject mice to titrated LPS concentrations. In addition, it may be that another pro-
inflammatory bacterial compound, like muramyldipeptide, will give a better response. 
Apart from a dosage-effect, it is also possible that a possible difference in cytokine 
levels between wild-type and MK-deficient mice is already disappeared 6 hours after 
LPS stimulation and therefore it might be better to check cytokine levels much earlier 
after LPS stimulation.
Currently, there is no general efficacious treatment available for MKD. After we have 
defined stimuli that provoke (increased) inflammation in the MK-deficient mouse models, 
we want to test whether it is possible to suppress or, preferably, prevent the onset of 
inflammation by manipulation of the isoprenoid biosynthesis pathway. In	vitro studies 
with skin fibroblasts and PBMCs from MK-deficient patients revealed several promising 
approaches that could be helpful in preventing the inflammatory insults in patients 
[16;30]. These approaches include supplementation of intermediate isoprenoids (e.g. 
farnesyl pyrophosphate and geranylgeranyl pyrophosphate), specific enzyme inhibitors, 
including squalene synthase inhibitors (e.g. Zaragozic acid A) that redirect the flux 
through the pathway to nonsterol isoprenoid biosynthesis [31], and ligands that are 
known to upregulate the isoprenoid biosynthesis pathway, such as sterol-regulatory 
element binding protein (SREBP)-activating SCAP ligands [32] and AMP-DNM [33].
Overall, our studies indicate that these MK-deficient mouse strains are promising models 
to study the pathophysiology associated with MKD.
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