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Mouse model of mevalonate kinase deficiency: comparison of
cytokine and chemokine profile with that of human patients

Annalisa Marcuzzi', Valentina Zanin', Giulio Kleiner', Lorenzo Monasta? and Sergio Crovella'?

BACKGROUND: Mevalonate kinase deficiency (MKD) is a
rare genetic autoinflammatory disease caused by blocking
of the enzyme mevalonate kinase in the pathway of choles-
terol and isoprenoids. The pathogenic mechanism originating
an immune response in MKD patients has not been clearly
understood.

METHODS: We investigated the dysregulation of expression
of selected cytokines and chemokines in the serum of MKD
patients. The results have been compared with those observed
in an MKD mouse model obtained by treating the mice with
aminobisphosphonate, a molecule that is able to inhibit the
cholesterol pathway, mimicking the genetic block character-
istic of the disease.

RESULTS: Interleukin (IL)-1B, IL-5, IL-6, IL-9, IL-17, granulocyte
colony-stimulating factor, monocyte chemotactic protein-1,
tumor necrosis factor-a, and IL-4 expression were dysregu-
lated in sera from MKD patients and mice. Moreover, geraniol,
an exogenous isoprenoid, when administered to MKD mice,
restored cytokines and chemokines levels with values similar
to those of untreated mice.

CONCLUSION: Our findings, which were obtained in patients
and a mouse model mimicking the human disease, suggest that
these cytokines and chemokines could be MKD specific and
that isoprenoids could be considered as potential therapeutic
molecules. The mouse model, even if with some limitations, was
robust and suitable for routine testing of potential MKD drugs.

M evalonate kinase deficiency (MKD; OMIM no. 251170),
is a rare autoinflammatory disease caused by muta-
tions within the second enzyme of the mevalonate pathway
(mevalonate kinase (MK), encoded by MVK) (1). MK is an
essential enzyme in isoprenoid biosynthesis; this pathway
produces cholesterol and nonsterol intermediate compounds
(farnesyl pyrophosphate and geranyl-geranyl pyrophos-
phate), which are known to be involved in the control of sev-
eral cell functions through protein prenylation (farnesylation
and geranyl-geranylation, respectively) (2) (Figure 1). The
shortage of geranyl-geranyl pyrophosphate, and the conse-
quent decreased rate of protein geranyl-geranylation, leads to
increased interleukin (IL)-1f secretion (3-6); this observa-
tion gives new insights into MKD pathogenesis, such as the

causal link between the cholesterol pathway dysfunction and
the patient’s phenotype.

Although in the past decade the knowledge of MKD patho-
genesis has increased, an etiologic therapy for this orphan drug
disease is still unavailable.

Different treatments, including steroids, statins, anti-tumor
necrosis factor-o. (TNF-0), and anti-IL-1 therapy, have been
used with variable success to prevent and cure MKD inflam-
matory symptoms (7,8), whereas only supportive therapies are
available for mevalonic aciduria, the more severe form of MKD.

The search for new drugs and therapies for MKD could take
advantage of an animal model mimicking the characteristics
of the human disease. For this reason, we developed a mouse
model of MKD (9), showing that the chemical inhibition of the
mevalonate pathway through the use of an aminobisphospho-
nate (alendronate (Ald) or pamidronate) and statins (lovastatin)
leads to a moderate inflammatory phenotype that could be
amplified by bacterial compounds such as muramyl dipeptide
(MDP) or lipopolysaccharide (LPS) (10,11). Ald inhibits the
mevalonate pathway and should regenerate the physiologic acti-
vation of a dose-dependent inflammatory process. However, the
acute phase of the inflammation is not caused by Ald alone but
by Ald together with a proinflammatory agent, i.e., MDP or LPS.

We, and other authors, have recently proposed the use of
natural exogenous isoprenoids, such as geraniol (GOH), as a
potential therapeutic approach for MKD (10-12). Owing to
their isoprenoid structure, these compounds are supposed
to enter the mevalonate pathway and bypass the biochemi-
cal block, thus reconstructing the pathway and limiting the
shortage of geranyl-geranyl pyrophosphate (4,5,9). Moreover,
the isoprenoids can rescue inflammation in the MKD mouse
model (9) as well as in the Ald/lovastatin-LPS-treated Raw
264.7 cell lines (10), and in human monocytes (13). Based on
the previous partial success of biological drugs, we decided to
evaluate the modulation of cytokines and chemokines in our
MKD animal model in the presence or in the absence of GOH.

The objective of our study is to compare the inflammation
profile of the MKD mouse model with the profile of MKD
patients, with the aim of finding analogies useful for the search
of new anti-inflammatory drugs and treatments in an estab-
lished and robust animal model of the disease.
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RESULTS

Serum Cytokine-Chemokine Levels in MKD Patients

Even if patients showed eight different mutations, expression
of IL-1B, IL-5, IL-6, IL-9, and granulocyte colony-stimulating
factor (G-CSF) was significantly upregulated, independently of
genetic profile, as compared with controls, whereas expression
of IL-17, monocyte chemotactic protein-1 (MCP-1), and IL-4
was downregulated in MKD patients as compared with con-
trols (Table 1 and Figure 2).

Serum Cytokine-Chemokine Levels in Ald-Treated Mice
Experimental timing and dosages of Ald were chosen accord-
ing to the literature: Ald reached the maximum effect 3 d after
injection and concentrations <6.5mg/kg had no effect on the
animal, whereas this compound was toxic at concentrations
>13mg/kg (14).

Serum levels of the cytokines and chemokines IL-1p, IL-5,
IL-6, IL-9, IL-17, G-CSE, MCP-1, TNF-0o, and IL-4 in control
mice and mice treated with different concentrations of Ald are
shown in Figure 3. Blocking the mevalonate pathway resulted
in increased values of these cytokine-chemokine levels, with
the exception of IL-6, in mice treated with aminobisphospho-
nate. Moreover, the response to this treatment seemed to be
dose-dependent because higher doses of Ald led to higher val-
ues of analyzed molecules.

Similarly to MKD patients, IL-4 was downregulated in Ald-
treated mice as compared with untreated mice (Table 2).

GOH Reduces Inflammatory Cytokine Levels in MKD Mouse
Model

We induced an inflammatory state in Ald-treated animals using
MDP to mimic the acute phase of the human disease. GOH
reduced the MDP-induced inflammatory response in Ald/
MDP-treated mice by entering the pathway and significantly
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Figure 1. Schematic representation of the mevalonate pathway.
Compounds used in the experiments (alendronate and geraniol (GOH))
are indicated along the pathway. HMG-CoA, 3-hydroxy-3-methylglutaryl-
coenzyme A; PP, pyrophosphate.
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normalizing the expression of the analyzed cytokines and che-
mokines (Figure 4). GOH treatment had no significant effect
on the tested cytokines if compared with untreated animals
(data not shown).

DISCUSSION

In our study we analyzed selected cytokines and chemokines,
which are known to increase in human autoinflammatory
diseases and are believed to play a role in the pathogenesis
of MKD, in patients, controls, and a well-established mouse
model (15). We also analyzed cytokine and chemokine down-
or upregulation in MKD patients as compared with controls.
Our findings are comparable to those observed in our animal
model. When considering Ald treatment, the expression lev-
els of IL-1p, IL-5, IL-6, IL-9, IL-17, G-CSE, and MCP-1 were
dysregulated as compared with those of controls both in MKD
patients and in animals treated with Ald.

TNF-o values in MKD patients did not differ with respect
to the controls, whereas they increased in animals treated with
Ald. This discrepancy can be explained by the different tim-
ing of blood collection. The human samples were collected
during a remission period, which can bias the results because
TNF-o. expression increases during the acute phase and then
quickly decreases (half-life of 6min) (15). Instead, animal
samples were collected under the effect of Ald, which is able
to induce a moderate inflammatory response that accounts for
the increase of TNF-o. expression.

IL-4 is well known to have a strong anti-inflammatory
role (16): we observed that a blocked mevalonate pathway
downregulates this cytokine in MKD patients and in ani-
mals treated with Ald. Moreover, we detected an increase of
IL-4 levels in animals after the injection of the proinflam-
matory molecule MDP (17) and, inversely, a decrease after
the administration of GOH, which has anti-inflammatory

Table 1. Serum cytokine—chemokine levels in MKD patients

Official symbol Controls MKD patients Pvalue
IL-1B 537575 145.1+£104.2 0.0014**
IL-5 nd <3.1 11.55+3.62 0.0104*
IL-6 13.28+6.3 47.85+54.72 0.0032**
IL-9 24.33+10.93 39.17+20.82 0.0004**
IL-17 102.9+17.83 85.34+36.24 0.0377*
G-CSF 43.52+10.71 88.9+84.14 0.0022**
MCP-1 51.52+34.05 48.26+51.49 0.0426*
TNF-o 32.67+9.75 41.93+25.61 0.3345,NS
IL-4 7.99+1.26 6.05+2.74 0.015*
IL-10 12.15+4.9 16.35+£6.96 0.0055**
IL-13 11.99+£4.63 14.79+£4.95 0.0037**

Cytokine and chemokine values in controls and MKD patients. Values are shown as
means =+ SD (pg/ml).

G-CSF, granulocyte colony-stimulating factor; IL, interleukin; MCP-1, monocyte
chemotactic protein-1; MKD, mevalonate kinase deficiency; nd, not detectable
(<detection limit); NS, not significant; TNF, tumor necrosis factor.

*P < 0.05: Mann-Whitney test; **P < 0.01: Mann-Whitney test.

Copyright © 2013 International Pediatric Research Foundation, Inc.
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properties (18,19). No theory has been proposed yet to link
IL-4 secretion with a dysregulation of the mevalonate path-
way. We hypothesize that the observed trend could be linked
to the anti-inflammatory role of IL-4.

When considering our results, we are aware that the inter-
quartile ranges of cytokine and chemokine expression values
in MKD patients are quite wide. This interindividual variability
could be explained by hypothesizing the interaction between
the MVK genetic defects and the residual MK activity. Indeed,
residual MK activity varies from <0.5 to 7%, depending upon
the type of MVK mutation (20,21). Unfortunately, an evalua-
tion of the quantitative residual MK activity was not available
for our patients. Our hypothesis is supported by the fact that,
even in mice, the detected amount of cytokines and chemo-
kines seems to be Ald dependent, as different concentrations
of Ald led to different responses (22); the genetic background
could account for these differences.

The consistent variation of cytokine expression in humans
and mice suggests that the dysregulation of this particular
panel of cytokines could be MKD specific or peculiar to the
blocked biosynthesis of cholesterol and/or its intermediates.
Indeed, when administered to animals, exogenous GOH was

able to bypass the aminobisphosphonate biochemical block,
reconstituting the mevalonate pathway and thus normalizing
cytokine and chemokine values (23).

Despite being encouraging, our results need further and
deeper investigations aimed at establishing whether GOH could
be a potential therapeutic molecule for MKD. We are also aware
that the main limits of our study are represented by the different
levels of inflammation between the patients with an endogenous
block and the mice treated with Ald, and by the fact that the
biochemical block of the pathway in the model is substantially
different from the genetic defects of patients. To partly overcome
these limitations, we are developing a new protocol that extends
the times of Ald administration to better mimic the progression
of the inflammatory condition of the patient.

In conclusion, even if our findings are preliminary owing
to the small number of MKD patients analyzed and the lim-
its related to our animal model, they should be considered as
a first step in research aimed at better disclosing the patho-
genesis of MKD: the fact that some cytokines and chemokines
appear to have a similar dysregulation in MKD patients and in
the animal model could be useful for the development of novel
therapeutic strategies for this orphan drug disease. The animal
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Figure 2. Box plots of serum levels of cytokines and chemokines: (a) interleukin (IL)-1(, (b) IL-5, (c) IL-6, (d) IL-9, (e) IL-17, (f) granulocyte colony-stimulat-
ing factor (G-CSF), (g) monocyte chemotactic protein-1 (MCP-1), (h) tumor necrosis factor-o. (TNF-a), and (i) IL-4 for eight mevalonate kinase deficiency
(MKD) patients not in the acute phase, and 35 controls. Ends of the whiskers represent the 10th and the 90th percentiles. Outliers not shown. NS, not

significant. *P < 0.05: Mann-Whitney test; **P < 0.01: Mann-Whitney test.
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Figure 3. Box plots on serum levels of cytokines and chemokines: (a) interleukin (IL)-14, (b) IL-5, (c) IL-6, (d) IL-9, (e) IL-17, (f) granulocyte colony-stimulat-
ing factor (G-CSF), (g) monocyte chemotactic protein-1 (MCP-1), (h) tumor necrosis factor-o. (TNF-o), and (i) IL-4 were analyzed in BALB/c mice: untreated;
3 d after alendronate (Ald) 6.5mg/kg; 3 d after Ald 13 mg/kg (left, middle, and right box plots, respectively). Ends of the whiskers represent the 10th and

the 90th percentiles. Outliers not shown. Significance was measured using group of untreated as reference. NS, not significant. *P < 0.05: Mann-Whitney
test; **P < 0.01: Mann-Whitney test.

Table 2. Serum cytokine—-chemokine levels in Ald-treated mice

Pvalue, untreated

Pvalue, untreated

Official symbol Untreated Ald 6.5mg/kg vs. Ald 6.5 mg/kg Ald 13 mg/kg vs. Ald 13 mg/kg
IL-18 163.9+11.34 229.4+77.57 0.7,NS 295.4+67.66 0.0238*
IL-5 76.56+39.39 59.05+53.37 0.8357,NS 1,161£698.5 0.0012**
IL-6 6.71+1.28 2.89+1.74 0.4, NS 6.07+3.19 0.05,NS
IL-9 101£1 257+116.9 0.023* 250.1+56.2 0.024*
IL-17 56.31+18.91 477 £151.5 0.0238* 541.5+53.24 0.0238*
G-CSF 66.54+29.96 66.62+22.85 1,NS 1,023+£185.3 0.0043**
MCP-1 268.3+35.3 262.2+86.6 1,NS 665.6+59.16 0.0238
TNF-o 279.5+101.7 504+250.8 0.26,NS 535.2+55.32 0.0238*
IL-4 7.61+£4.22 4.53+0.37 0.0144* 544+£041 0.05,NS
IL-10 87.5+14.77 47.35+24.61 0.0173* 78.22+45.74 0.42,NS
IL-13 51.17+17.20 112.3+£37.96 0.095,NS 149.6 £34.26 0.0238*

Cytokine and chemokine values in Ald-treated mice. Values are shown as means =+ SD (pg/ml).

Ald, alendronate; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; MCP-1, monocyte chemotactic protein-1; NS, not significant; TNF, tumor necrosis factor.

*P < 0.05: Mann-Whitney test; **P < 0.01: Mann-Whitney test.
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Figure 4. Cytokines and chemokines: (a) interleukin (IL)-1p, (b) IL-5, (c) IL-6, (d) IL-9, (e) IL-17, (f) granulocyte colony-stimulating factor (G-CSF), (g) mono-
cyte chemotactic protein-1 (MCP-1), (h) tumor necrosis factor-o. (TNF-t), and (i) IL-4 values in untreated mice and mice treated with alendronate (Ald),
alendronate/muramyl dipeptide (Ald+MDP), and alendronate/muramyl dipeptide/geraniol (Ald+MDP+GOH). Values are shown as mean + SD. Mann-
Whitney test was used to calculate the difference between Ald+MDP and Ald+MDP+GOH groups. NS, not significant. *P < 0.05: Mann-Whitney test; **P
< 0.01: Mann-Whitney test. P values: IL-13: P = 0.0211; IL-5: P = 0.0199; IL-6: P = 0.0001; IL-9: P = 0.0543; IL-17: P = 0.0068; G-CSF: P = 0.0002; MCP-1: P =

0.0011; TNF-oi: P=0.0391; and IL-4: P = 0.0046.

model, even with some limitations, was robust enough to be
suitable for searching for and testing new drugs for MKD.

METHODS

Reagents
Bacterial MDP and Ald were supplied by Sigma (St Louis, MO). GOH
was supplied by Euphar group (Piacenza, Italy).

Blood Samples

After approval by the Independent Bioethics Committee of the
IRCCS “Burlo Garofolo” and after written informed consent obtained
from parents or caregivers, blood was collected by venipuncture from
35 controls and eight MKD patients; both of the groups were aged
between 2 and 9 y (Table 3). Controls were individuals without con-
current infections and/or autoimmune diseases. All MKD patients
had no concurrent infection and were not in the acute phase of the
disease.

Animals

BALB/c male mice (Harlan, Udine, Italy), aged 6-8 wk and weigh-
ing between 25 and 30g were used in this study, which was carried
out in accordance with the Italian Ministry of Health registration no.
62/2000-B, 6 October 2000, and approved by the University of Trieste

Copyright © 2013 International Pediatric Research Foundation, Inc.

Ethical Committee. The experimental design has been previously
described (9). Briefly, mice were randomly divided into groups of six
animals each: group 1, untreated controls; group 2, Ald (6.5 or 13 mg/
kg) on day 0 and MDP 100 pg/kg on day 3; group 3, Ald and MDP as
in group 2 plus GOH 250 mg/kg on day 2. All solutions were admin-
istered by intraperitoneal route (Table 4). After 2h of MDP stimula-
tion, blood was collected directly into test tubes following decapita-
tion. Serum was obtained by centrifugation at 2,000¢ at 4 °C and then
stored at —80 °C.

Cytokine Release Evaluation

The analysis of 22 cytokines and chemokines (including IL-1a,
IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40-p70),
IL-13, IL-17, eotaxin, G-CSE granulocyte-macrophage colony-
stimulating factor, interferon-y, MCP-1, macrophage inflamma-
tory protein-lo, macrophage inflammatory protein-1p, regulated
on activation, normal T cell expressed and secreted, and TNF-c)
was performed on serum samples using a magnetic bead-based
multiplex immunoassay (Bio-Plex; BIO-RAD Laboratories, Milano,
Italy) following the manufacturer’s instructions. Data from the reac-
tions were acquired using the Bio-Plex 200 reader, whereas a digital
processor managed data output and the Bio-Plex Manager software
returned data as median fluorescence intensity and concentration
(pg/ml) (BIO-RAD Laboratories).

Pediatric RESEARCH 5
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Table 3. Background information of patients and controls

Controls MKD patients

Number 35 8
15/20 4/4
8.8+4.8 8.57+5.96
V3771/1268T
V3771/V310M
S135L/V377I
V3771/NV3771
V3771/V3771
G3365/G3365
1268T/V3771
V3771/H20P

Male/female
Age (mean +SD)
MKD mutations —

MKD, mevalonate kinase deficiency.

Table 4. Schematic representation of the experimental design
mouse model

Experimental Saline

design solution Ald MDP GOH
Day 0 Group 1 Groups 2/3

Day 1

Day 2 Group 3
Day 3 Group 1 Groups 2/3

Group 1, untreated controls. Group 2, Ald (6.5 or 13mg/kg) on day 0 and MDP
100 pg/kg onday 3. Group 3, Ald and MDP as in group 2 plus GOH 250 mg/kg on day 2.
All of the solutions were administered by the intraperitoneal route.

Ald, alendronate; GOH, geraniol; MDP, muramy! dipeptide.

Data Analysis

For each set of experiments, values were analyzed calculating medi-
ans, interquartile ranges, means, and SDs. Box plots were used to
represent data distribution. The nonparametric Mann-Whitney test
was used when appropriate. P values were calculated on the basis of
two-tailed tests. Statistical analysis was performed using GraphPad
Prism V.5.0 for Windows (GraphPad Software, San Diego, CA). A P
value of <0.05 was considered for statistical significance (http://www.
graphpad.com/prism/p5.htm).

STATEMENT OF FINANCIAL SUPPORT

This work was supported by a grant from the Institute for Maternal and Child
Health—IRCCS “Burlo Garofolo’, Trieste, Italy (42/11). S.C. is the recipient of
a fellowship grant from the European Project “Talents for an International
House” of the Marie Curie Co-Funding of Regional, National and Inter-
national Programmes (COFUND) within the “People” Specific Programme of
the 7th Framework Programme.

REFERENCES

1. Goldstein JL, Brown MS. Regulation of the mevalonate pathway. Nature
1990;343:425-30.

2. Fears R. The contribution of the cholesterol biosynthetic pathway to inter-
mediary metabolism and cell function. Biochem J 1981;199:1-7.

3. 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. ] Immunol 1996;157:400-4.

4. Frenkel J, Rijkers GT, Mandey SH, et al. Lack of isoprenoid products raises
ex vivo interleukin-1beta secretion in hyperimmunoglobulinemia D and
periodic fever syndrome. Arthritis Rheum 2002;46:2794-803.

6 Pediatric RESEARCH

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mandey SH, Kuijk LM, Frenkel ], Waterham HR. A role for geranylgeranyl-
ation in interleukin-1p secretion. Arthritis Rheum 2006;54:3690-5.

Kuijk LM, Mandey SH, Schellens I, et al. Statin synergizes with LPS to
induce IL-1p release by THP-1 cells through activation of caspase-1. Mol
Immunol 2008;45:2158-65.

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

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 ] Med
2005;63:260-4.

Marcuzzi A, Pontillo A, De Leo L, et al. Natural isoprenoids are able to
reduce inflammation in a mouse model of mevalonate kinase deficiency.
Pediatr Res 2008;64:177-82.

Marcuzzi A, Tommasini A, Crovella S, Pontillo A. Natural isoprenoids
inhibit LPS-induced-production of cytokines and nitric oxide in amino-
bisphosphonate-treated monocytes. Int Immunopharmacol 2010;10:639-
42.

Marcuzzi A, Crovella S, Pontillo A. Geraniol rescues inflammation in
cellular and animal models of mevalonate kinase deficiency. In Vivo
2011;25:87-92.

Marcuzzi A, De Leo L, Decorti G, Crovella S, Tommasini A, Pontillo A.
The farnesyltransferase inhibitors tipifarnib and lonafarnib inhibit cyto-
kines secretion in a cellular model of mevalonate kinase deficiency. Pediatr
Res 2011;70:78-82.

De Leo L, Marcuzzi A, Decorti G, Tommasini A, Crovella S, Pontillo A.
Targeting farnesyl-transferase as a novel therapeutic strategy for meval-
onate kinase deficiency: in vitro and in vivo approaches. Pharmacol Res
2010;61:506-10.

Yu Z, Funayama H, Deng X, et al. Comparative appraisal of clodronate,
aspirin and dexamethasone as agents reducing alendronate-induced
inflammation in a murine model. Basic Clin Pharmacol Toxicol
2005;97:222-9.

Drenth JP, van Deuren M, van der Ven-Jongekrijg J, Schalkwijk CG, van
der Meer JW. Cytokine activation during attacks of the hyperimmuno-
globulinemia D and periodic fever syndrome. Blood 1995;85:3586-93.
Chomarat P, Banchereau J. An update on interleukin-4 and its receptor. Eur
Cytokine Netw 1997;8:333-44.

Dinarello CA, Elin R], Chedid L, Wolff SM. The pyrogenicity of the syn-
thetic adjuvant muramyl dipeptide and two structural analogues. J Infect
Dis 1978;138:760-7.

Ahmad ST, Arjumand W, Seth A, et al. Preclinical renal cancer chemopre-
ventive efficacy of geraniol by modulation of multiple molecular pathways.
Toxicology 2011;290:69-81.

Ong TP, Heidor R, de Conti A, Dagli ML, Moreno FS. Farnesol and gera-
niol chemopreventive activities during the initial phases of hepatocarcino-
genesis involve similar actions on cell proliferation and DNA damage, but
distinct actions on apoptosis, plasma cholesterol and HMGCoA reductase.
Carcinogenesis 2006;27:1194-203.

Cuisset L, Drenth JP, Simon A, et al.; International Hyper-IgD Study
Group. Molecular analysis of MVK mutations and enzymatic activity
in hyper-IgD and periodic fever syndrome. Eur ] Hum Genet 2001;9:
260-6.

Houten SM, Koster ], Romeijn GJ, et al. Organization of the mevalonate
kinase (MVK) gene and identification of novel mutations causing meva-
lonic aciduria and hyperimmunoglobulinaemia D and periodic fever syn-
drome. Eur ] Hum Genet 2001;9:253-9.

Deng X, Yu Z, Funayama H, et al. Mutual augmentation of the induction of
the histamine-forming enzyme, histidine decarboxylase, between alendro-
nate and immuno-stimulants (IL-1, TNE and LPS), and its prevention by
clodronate. Toxicol Appl Pharmacol 2006;213:64-73.

Hartel C, Adam N, Strunk T, Temming P, Miiller-Steinhardt M, Schultz C.
Cytokine responses correlate differentially with age in infancy and early
childhood. Clin Exp Immunol 2005;142:446-53.

Copyright © 2013 International Pediatric Research Foundation, Inc.


http://www.graphpad.com/prism/p5.htm
http://www.graphpad.com/prism/p5.htm

	Mouse model of mevalonate kinase deficiency: comparison of cytokine and chemokine profile with that of human patients
	Main
	Results
	Serum Cytokine–Chemokine Levels in MKD Patients
	Serum Cytokine–Chemokine Levels in Ald-Treated Mice
	GOH Reduces Inflammatory Cytokine Levels in MKD Mouse Model

	Discussion
	Methods
	Reagents
	Blood Samples
	Animals
	Cytokine Release Evaluation
	Data Analysis

	Statement of Financial Support
	References


