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Mevalonate Kinase Deficiency (MKD) is a rare inborn disease belonging to the family of periodic fever syndromes. The
MKD phenotype is characterized by systemic inflammation involving multiple organs, including the nervous system.
Current anti-inflammatory approaches to MKD are only partially effective and do not act specifically on neural
inflammation. According to the new emerging pharmacology trends, the repositioning of drugs from the indication for
which they were originally intended to another one can make mechanistic-based medications easily available to treat rare
diseases. According to this perspective, the squalene synthase inhibitor Lapaquistat (TAK-475), originally developed as a
cholesterol-lowering drug, might find a new indication in MKD, by modulating the mevalonate cholesterol pathway,
increasing the availability of anti-inflammatory isoprenoid intermediates.
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| 1. Introduction

Mevalonate Kinase Deficiency (MKD) is a rare metabolic and autoinflammatory disorder caused by the mutation of
the MVK gene (chromosome 12, g24). The mutation leads to a reduction in the mevalonate kinase enzyme activity, with a
consequent decrease in a series of isoprenoid intermediate compounds and a mevalonate accumulation in plasma and
urine in the acute phase X! (Figure 1).
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Figure 1. Schematic representation of the mevalonate pathway.

The clinical onset of the disease occurs in pediatric age but tends to last in life, presenting various degrees of severity,
ranging from the less debilitating form (hyperimmunoglobulinemia D, HIDS, OMIM # 260920) to the most severe form
(mevalonic aciduria, MA, OMIM # 610377). Both phenotypes are characterized by common symptoms that include
periodic fever attacks associated with other inflammatory symptoms &, The common symptoms in HIDS are headache,
splenomegaly, adenopathy, pharyngitis, abdominal and musculoskeletal pain. MA is also characterized, in addition to
these symptoms, by significant psycho-motor and neurological involvement 4!,



The most accredited hypothesis regarding MKD pathogenesis claims that the typical inflammation of the disease is
caused by the deficiency of pre-squalenic isoprenoid intermediates, with a reduced prenylation of small GTPases, which,
consequently, lose their membrane localization I8l The lack of membrane-bound RhoA reflects on a reduced threshold
of activation of the NLR family pyrin domain containing 3 (NLRP3) and pyrin inflammasomes and to the process of
pyroptosis with a secretion of the inflammatory cytokines IL-1f, IL-6 and TNF-a [EI& An altered prenylation of KRAS (an
isoform of RAS) is thought to play a role in the activation of PI3K-6 and in the lymphoproliferative phenotype
characterizing MKD. Furthermore, the incorrect prenylation of the small GTPase Rab11 does not allow the formation of
the autophagosome, leading to impaired mitophagy, which may contribute to the neurological damage observed in the
most serious forms of MKD 19, To date, MKD is no longer considered a treatment-orphan disease, because the IL-1
inhibitor treatments have allowed an acceptable control of the disease in most cases. However, not all patients fully
respond to these therapies X, Furthermore, the anti-IL-1 biological treatments have a very high cost and require
parenteral administration 2. It remains, therefore, advisable to deepen the knowledge about the pathogenesis of MKD to
identify more specific molecular targets for a mechanistic treatment.

Recent in vitro studies have shown a possible therapeutic role of a biochemical modulation of the mevalonate pathway
(13 For example, Lapaquistat (TAK-475), a compound belonging to the family of zaragozic acid, has been reported as a
powerful competitive inhibitor of cholesterol synthesis in HepG2 cells 24, Similarly, in a murine model, zaragozic acid was
able to inhibit acute liver cholesterol synthesis accompanied by an accumulation of organic acids 22, In summary, these
experimental data highlighted the potential of squalene inhibitors in hypercholesterolemia 1€, The effect of zaragozic acid
is related not only to the blockade of sterol synthesis, but also to a relative accumulation of geranylgeraniol due to both
the blocking of its conversion to squalene and the induction of the mevalonate kinase 7. Preliminary studies also
suggest that this action could also help to protect neurons from a toxic effect that occurs under isoprenoid insufficiency
conditions 18],

Of note, zaragozic acid could improve the MK residual enzymatic activity in skin fibroblasts derived from patients with
MKD, increasing the transcription of the gene Mvk [13],

According to all evidence, TAK-475 could affect pathogenetic events relevant in MKD by increasing the levels of
metabolites immediately upstream of the enzyme, including anti-inflammatory isoprenoids derived from the geraniol ],

The study of the TAK-475 is also justified from the availability of safety data of the compound in phase three clinical trials
at a lower dosage (50 mg/daily). However, the drug at a higher concentration (100 mg/daily) was halted because of a
hepatic safety concern in addition to its comparable effectiveness as a cholesterol-lowering agent with respect to statins
[20121]  Nevertheless, even at a lower dosage, TAK-475 treatment led to reduction in C-reactive protein, highlighting its
anti-inflammatory potential (22,

| 2. Discussion

MKD is an autosomal recessive rare disease, associated with mutations in the mevalonate kinase gene, coding for the
homonymous enzyme that catalyzes the second step of the metabolic pathway that leads to the biosynthesis of
cholesterol. The disease was discovered in 1980 and, to date, more than 250 mutations of this gene have been reported,
all resulting in a significant decrease in residual enzyme activity (REA) 23, The REA variability has allowed, over the
years, to define a continuous spectrum of clinical phenotypes ranging from the less severe manifestation of the disease
(HIDS) to the more severe one (MA). The pathogenic role of a decrement of mevalonate-derived intermediate compounds
in MKD is well recognized: a GGPP-shortage is considered to have a key role in triggering the pathogenesis of the
inflammatory MKD phenotype. Since 2016, MKD is no longer considered a treatment-orphan disease. Regulatory
agencies have approved the extension of the therapeutic indications of the drug /laris (Canakinumab) previously
prescribed for CAPS (periodic syndromes associated with cryopyrin), for active systemic juvenile idiopathic arthritis and
for other diseases, including MKD, TRAPS (Tumor necrosis factor Receptor-Associated Periodic Syndrome) and FMF
(Familial Mediterranean Fever) L1, Previously, patients with MKD were treated with non-steroidal anti-inflammatory drugs,
with poor effectiveness, with glucocorticoids, which were often burdened by serious adverse effects and by dependency,
and with anti-cytokine biological drugs (anti TNF-a or anti IL-6) with partial benefit. The response to these pharmacological
treatments in patients is variable and difficult to predict. This variability cannot be attributed to distinct MVK genotypes as
patients with the same mutation may present significant differences in the clinical phenotype and response to
medications. Among the hypotheses for these heterogeneous behaviors, epigenetic factors were suggested to have a
discriminating role, but there is no doubt that further insights about MKD pathogenesis are necessary to give an answer to
the many questions to establish a consolidated therapeutic line for MKD 28, The study of TAK-475 can be inserted
precisely in this context. The experimental design used in this study is a consolidated disease model that combines the



inhibitory effect of alendronate to block the cholesterol pathway and LPS to mimic the inflammatory stimulus. As shown by
the impedancemetry analysis performed in our study, TAK-475 preserved the viability of the experimental cell population
treated with alendronate and LPS. In addition, a morphological observation by electron microscopy showed that the
changes induced by alendronate could be prevented at least in part by the addition of Lapaquistat. Notably, the
mitochondrial damage induced by alendronate and LPS treatment, characterized by the presence of swollen mitochondria
in the cytoplasm, was almost completely counteracted by Lapaquistat, especially in cells treated with a lower
concentration of alendronate. Moreover, a TEM observation evidenced the ability of Lapaquistat to reduce autophagy
induced by alendronate and LPS. Autophagy is an active mechanism in the process of cellular stress and in the removal
of damaged organelles and intracellular pathogens 2428 |n our model, alendronate and LPS induced an increase in the
amount of autophagosomes, frequently containing mitochondria and autophagic compartments, and this induction was
counteracted by Lapaquistat. The effect of Lapaquistat on autophagy could be associated with its restoring action on the
inflammatory response induced by alendronate and LPS.

Regarding the cytokine profile, as expected, the production of inflammatory cytokines IL-6 and TNF-a was significantly
increased following treatment with LPS in cells treated with alendronate in a dose-dependent manner. At both doses of
alendronate (25 and 50 uM), TAK-475 was able to reduce the release of these cytokines, decreasing the inflammatory
condition. Transposing these results to MKD, we could hypothesize TAK-475 efficacy limited to the cases with a partial
enzyme defect (as in the syndrome with Hyper-IgD), while it seems more unlikely that the drug could be useful for the
more serious forms of mevalonic aciduria. Indeed, it is possible that with this drug, as previously reported with other
enzymatic modulators, paradoxical effects may be obtained linked to the involvement of different pathogenetic
mechanisms in MKD, depending on the severity of the defect.

From all this evidence, the data project us to continue the Lapaquistat studies to evaluate the possibility of its future
application in the treatment of MKD and, perhaps, other inflammatory diseases, in view of the repositioning of the drug. It
is known that other medications acting on the cholesterol pathway have controversial results when used in patients
affected by MKD. For example, statins could lead to a mild improvement in some subjects with MKD 22, but severely
worsened the crises in subjects with MA B9, Alendronate has also been proposed for therapy on the basis of possible
benefit in a single patient, but it may also worsen the deficiency in mevalonate-derived isoprenoids, leading to worse
inflammation. Indeed, the cholesterol pathway is finely regulated in vivo, and it may be difficult to predict how in vitro
studies may reflect on the development of clinical studies. Unfortunately, murine models closely reproducing the human
disease are lacking, hindering the translation of new treatments to the clinics. Moreover, considering the fine regulation of
the cholesterol pathway, we should also consider the possibility that the blockade of squalene synthase could worsen the
lack of post-squalene sterols deficiency in MKD, with possible detrimental clinical consequences. Indeed, while the safety
profile of Lapaquistat in healthy subjects is good at low doses, this is not warranted for subjects with MKD, in whom the
blockade of squalene synthase may lead to an excessive suppression of the synthesis of sterol derived molecules. The
administration of coenzyme Q10, vitamin D and E is already part of the support therapy in MA-patients and could be even
more necessary U to reduce the potential adverse effects of the inhibition of squalene synthase, such as myopathy.
Finally, the antiviral 25-hydroxycholesterol (25-HC) has also been found reduced in membranes of subjects with MKD 22
and could be more strongly reduced in the presence of squalene inhibitors.

Thus, more data are still necessary to propose a possible trial of Lapaquistat in subjects with MKD.

| 3. Conclusions

Repositioned drugs, such as Lapaquistat, can have the advantage of reducing development costs and times since
pharmacokinetics, toxicology and safety data have been previously collected B3I24l Moreover, although IL-1 inhibitors are
showing positive results in clinical trials to control MKD inflammatory phenotypes, TAK-475 may have the theoretical
advantage of acting more directly on the biochemical mechanisms involved in the disease over a wider spectrum of
clinical manifestations and controlling inflammatory disorders. In addition, TAK-475 is an oral available medicine with a
short half-life, and this could be a valuable benefit for patients.

TAK-475 acts, as described, downstream of the statins and allows the production of early intermediates of the cholesterol
pathway (geranylgeranylation) that would otherwise be limited by the statins. According to this hypothesis, TAK-475 has
already been tested in in vivo preclinical studies 22, To date, no data on the effects of TAK-475 in MKD-patients are
available, but some results regarding the effect of TAK-475 treatment in an in vitro model of MKD are available. Suzuki et
al., indeed, recently demonstrated that TAK-475 significantly increases levels of isoprenoids derived from mevalonate
(FPP, GGPP and farnesol), in a dose-dependent manner, in human monocytic cells THP-1 [23],



The study of drugs that act on the mevalonate pathway, in general, has allowed us to control the mechanisms that go

beyond the production of cholesterol. These results support the hypothesis about a potential pathogenic contiguity

between different autoinflammatory diseases; therefore, it is possible that treatment with TAK-475 may also be useful for

other autoinflammatory syndromes.
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