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Abstract. Chaperone t herapy i s an ew co ncepto fm olecular t herapeutic
approach m ainly d eveloped f or 1 ysosomal d iseases, b ased o n a p aradoxical
molecular interaction involving a mutant enzyme and its competitive inhibitor
as an intracellular en hancer ( chaperone). T he misfolded mutant pr otein is

transported safely to the lysosome as a complex with a specific chaperone. The
enzyme act ivity i s ex pressed a fter di ssociation f rom1i ts ¢ haperone. T he
advantages of this molecular therapeutic approach can be summarized twofold;
first, o ral a dministration t o i ndividuals w ith i ntractable di seases; and s econd,
delivery to the c entral nervous s ystem for treatment of brain dy sfunction. In
recent y ears t he ch aperone t herapy r esearch h as b een w idely d eveloped f or
various protein misfolding diseases as well as lysosomal diseases. In this article,
recent progress of chaperone therapy for lysosomal diseases is briefly reviewed,
mainly focusing on Gy,;-gangliosidosis and Morquio B disease ([3-galactosidase
deficiency) an d G aucher d isease ( f-glucosidase deficiency) as r epresentative
neurogenetic diseases.

Keywords: chaperone therapy, 1 ysosomal disease, co mpetitive inhibitor, G ;-
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1 Introduction

A large number of genetic diseases are caused by functional defect of enzymes
(enzyme deficiency), resulting in diverse metabolic derangements in human somatic
cells. The metabolic defect is expressed generally in various tissues and organs, but
most p rominently i n t he c entral ne rvous system ( neurogenetic d iseases). A mong
them the diseases involving the lysosome, one of the important cellular organelles,
digesting various hi gh molecular e ndogenous or e xogenous c ompounds under the

acidic c ondition, have b een well recognized as classic neurogenetic diseases with
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specific e nzyme d eficiency a ffecting mainly infants and young c hildren. Cellular
dysfunction cau sed b y a n e xcessive s torage o f substrates en sues, and a genetic
metabolic disease (lysosomal disease) develops in humans and other animals with
neurological a nd o ther s omatic manifestations. Severity of en zyme d eficiency is
variable in individual patients. In general, severe enzyme deficiency tends to cause
severe clinical manifestations in early life [1].

Since m id-1960s, a ttempts have b een made t o treat patients with 1 ysosomal
diseases. Enzyme r eplacement t herapy was t he most su ccessful achievement by
intravenous administration of the functional human recombinant enzyme. However,
the effect has not been confirmed on brain pathology in patients with neurological

manifestations.

2 Turnover of mutant enzyme protein and correlation with the
age of onset

Ine arly 1980s we foundt hatt hiol (cysteine) p rotease in hibitors p rotected
degradation of endogenous human or exogenous fungal f-galactosidase, an enzyme
responsible for G y-gangliosidosis in humans [2-3]. T hese results prompted us to
search for a new way to rescue apparently inactive mutant enzyme proteins as a new
molecular therapy of enzyme deficiency disorders.

Int his ¢ onnection we founda correlation between residual B-galactosidase
activity and c linical o nset i n G y;-gangliosidosis patients. T he a mount of residual
enzyme act ivity s howed p ositive p arabolic co rrelation withtheageo fonsetin
various phenotypic forms of f-galactosidase deficiency disorders [4]. Based on these
observations, we anticipated that at least 10% of normal enzyme activity is
necessary for washout o 't he s torage s ubstrate i n s omatic cel Is, p articularly in
neuronal cells. The age ofonset in patients expressing the enzyme activity ab ove

this level will be theoretically beyond the human life span [4].
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3 Theoretical background of chaperone therapy

In the last decade of the 20th century we found that some mutant a-galactosidase
A proteins were unstable and unable to express catalytic activities in somatic cells
from F abry p atients [5]. Galactose andag alactose an alogue compound 1-
deoxygalactonojirimycin (DGJ) were effective to restore the mutant a-galactosidase
A activity in Fabry cells and tissues [6-7]. Furthermore another galactose analogue
N-octyl-4-epi-B-valienamine ( NOEV) was foundt ob e effectivet or estore t he
mutant B-galactosidase activity in Gy -gangliosidosis cells and tissues [8].

After ex tensive g enean dp roteinan alyseso fF abryd iseasean d G -
gangliosidosis, we proposed the f ollowing hypothesis [9]. A s ubstrate a nalogue
inhibitor b inds to a mutant 1 ysosomal misfolding protein as a k ind o f molecular
chaperone ( chemical ¢ haperone),t o induce normal molecular f oldinga tt he
endoplasmic r eticulum (ER)/Golgi ¢ ompartmenti n somatic c ells, resulting in
formation o fa s table molecular co mplex at n eutral p H. The p rotein-chaperone
complex is safely transported to the lysosome, where it dissociates under the acidic
condition, the mutant enzyme remains stabilized in its normal folding structure, and
its catalytic function is expressed [4]

Molecular pathology of inherited metabolic diseases can be generally classified
into the following t hree major c onditions related to the s tructure and function o f
mutant proteins [9].

(a) Biosynthetic defect of the protein in question.
Mutant enzyme is not synthesized, and accordingly rescue of the protein is not
possible.

(b) Defect of biological activity.
In s pite of normal bi osynthesis, t he pr otein doe s n ot maintain bi ological
activity because of its drastic structural abnormality. There is no possibility to
restore the biological activity of this molecule.

(c) Unstable mutant protein with normal or near-normal biological activity.
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The mutant p rotein has n ormal b iological function in its mature form under
normal folding. H owever, itis u nstable b ecause o f misfolding a nd r apidly
degraded or aggregated immediately after biosynthesis.

In the third case, the protein function is expected to be restored if the molecule is
somehow stabilized and transported to the cellular compartment where it is expected
to exhibit biological activity; the lysosome in the case of lysosomal enzyme. This is
the principle of chaperone therapy to restore the enzyme activity by low molecular
inhibitors with a ppropriate molecular s tructure fitting in the e nzyme molecule. A
similar co ncept was p resented f or ¢ ystic f ibrosis [10-11], andt herapeutic
experiments have been reported.

This approach is particularly important for correction of brain pathology if they
are d elivered t o t he cen tral nervous s ystem t hrough t he b lood-brain b arrier [4].
Chaperone t herapy i s t heoretically e ffective i n 3 0-60% of pa tients with F abry

disease and Gy -gangliosidosis patients [12-13].

4 Fabry disease, Gui-gangliosidosis/Morquio B disease, and
Gaucher disease

Fabry disease is an inherited generalized vasculopathy caused by a-galactosidase
A deficiency, r esulting i n i nvolvement o f't he b rain, he art, a nd ki dneys a fter t he
middle ag es, with i ncreasing s torage o fg lobotriaosylceramide i nt he v ascular
endothelium. Int his d isease t he p.Q279E mutant e nzyme was low in catalytic
activity, and unstable at relatively high temperature and also at low pH [5]. It was
rapidly degraded because of molecular misfolding. A high dose of galactose in the
culture medium induceda hi ghe xpressiono f catalytic activity in Fabry
lymphoblasts and mutant enzyme-expressing COS-1 cells [6]. However, we thought
that galactose was not an ideal candidate for restoration o f the mutant e nzyme in
human t issues, a s galactose is r apidly metabolized i n ¢ ells a nd tis sues, a nd the

continuously high galactose concentration in somatic cells could cause direct
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galactose in toxication such as galactosemia, and result in pathological osmolarity
higher t han that in the human bl ood under th e p hysiological ¢ ondition, causing
significant d ehydration, shrinkage and d ysfunction of somatic cells. A long-term
treatment with galactose at this high dose would not be realistic, although a human
experiment of i ntravenous galactose i nfusion e very o therd ay for2 years was
reported, achieving the beneficial effect on hypertrophic cardiomyopathy in a Fabry
patient [14]. DGJ showed the chaperone effect mainly on mutant a-galactosidase A.
It is currently used for human studies.

Gyi-gagliosidosis is a relatively rare lysosomal disease, presenting clinically with
progressive neurological deterioration mainly in infancy and childhood with various
somatic manifestations [1]. We started the chaperone experiment on f-galactosidase
immediately a fter the experiments o n o-galactosidase A.T he f irst r eport w as
published, witha newly s ynthesized o rganic c ompound va lienamine d erivative
NOEV as a chemical chaperone for B-galactosidase toward genetically engineered
Gyyi-gangliosidosis m odel m ice [8]. It is a potent competitive inhibitor of (-
galactosidase in vitro, and restores mutant enzyme activities in somatic cells from
patients with Gy -gangliosidosis. Pharmacokinetic analysis revealed rapid intestinal
absorption an d r enal ex cretion af ter o ral ad ministration of NOE V [15]. It was
delivered to the central nervous system through the blood-brain barrier to achieve
high expression of the apparently deficient B-galactosidase a ctivity inthe G M1-
gangliosidosis model mice. NOEV treatment s tarting at the early stage o f disease
resulted in remarkable arrest of neurological progression within a few months with
prolongation of survival time [15]. Recently a new chaperone compound MTD118, a
bicyclic D GJ d erivative, hasbe enf oundt os how ach aperones pectrum
complementary to that of NOEV for some mutant genes [13]. Thus, combination of
NOEV and MTD118 will cover 60-70% o f p atients with G y;-gangliosidosis, and
hopefully those with Morquio B disease.

Gaucher disease is a group of diverse clinical manifestations involving both the
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central ne rvous s ystem a nd extraneural vi sceral o rgans, caused by B-glucosidase
deficiency, r esultingi n massive s torage o fg lucosylceramide. C linically it is
classified i nto t hree major phe notypes: ¢ hronic non-neuronopathic ( adult), a cute
neuronopathic ( infantile), ands ubacute neuronopathic ( juvenile). E nzyme
replacement t herapy i s av ailable f or n on-neuronopathic p atients, an d t he cl inical
effect has been well documented [16]. However, neurological manifestations have
not b een co ntrolled by t his t herapeutic ap proach. W e tried t o d evelop ch aperone
compounds for Gaucher d isease. NOV (N-octyl-B-valienamine), an epimer of
NOEV, wast he f irst ¢ haperone ¢ ompound for th is d isease [17]. A Ithough its
effectiveness was confirmed in the cell culture system, animal studies have not been
carried o ut s ince ap propriate an imal models ar e n ot av ailable as yet. R ecently
ambroxol hydrochloride, a commercially available expectorant drug, was reported to
be an excellent ch aperone ca ndidate for G aucher disease [18]. It was found by a
systematic screening of 1040 F DA approved drugs. This is a pH-dependent mixed-
type inhibitor of B-glucosidase. The p.N370S and p.F2131 mutant enzyme activities
were enhanced by ambroxol in Gaucher fibroblasts. Subsequently we tried to treat
neuronopathic G aucher patients with p. N188S mutation by long-termo ral
administration of a mbroxol hy drochloride. T hey s howed r emarkable neurological
improvements, particularly oculomotor dysfunction and myoclonus. Further studies

are in progress [Narita et al, unpublished data].

5 Expanding concept of chaperone therapy

The trial of chaperone therapy was started mainly for lysosomal diseases together
with some studieso na few o therd iseases [10-11,1 9]. T he intralysosomal
environment i s uniquely acidic. W e were a bleto u tilize the d ifferential p H
conditions a t t he t wo ¢c ompartments, E R/Golgi and t he ly sosome. A ¢ ompetitive

enzyme inhibitor ( chaperone) binds to the active site o fthe target enzyme at ER
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under the neutral c ondition to form a stable c omplex, which is transported to the
lysosome, where t he co mplex d issociates under t he aci dic co ndition, due to I ess
strong molecular binding, in the lysosome. The free mutant enzyme remains stable
and becomes catalytically active [4, 20].

This is the concept of inhibitory chaperone therapy. An in vitro inhibitor acts as
an intracellular en hancer at 1 ow co ncentrations. W e s hould s elect an ap propriate
concentration of the chaperone compound in question in order to attain a chaperone
effect without adverse (inhibitory) reaction to the cell. Chaperone th erapy will be
more safely conducted if a non-inhibitory compound is available for restoration of
an inactive protein caused by misfolding.

Recently some trials have been made to overcome this problem. New chaperones
have b een i dentified a nd cal led n on-inhibitory ¢ haperones [21], no n-competitive
chaperones [22], oral losteric ch aperones [23]. Theya re no n-substrate-like
compounds that exhibit allosteric chaperone activities, not necessarily binding to the
active site of the enzyme. The research in this direction will reveal a new scope for
chaperone therapy in future. In fact in a lecture at an international congress, the title
“chaperone t herapies” was p roposed, s uggesting di verse approaches to find new
types of chaperone compounds with different molecular actions toward misfolding
proteins [ Muntau, 12t h I nternational Congress of I nborn E rrors of M etabolism,

Barcelona, 2013].

6 Conclusion

Chaperone therapy has been proposed mainly as a new therapeutic approach to
lysosomal d iseases, p articularly th ose with ¢ entral nervous s ystem in volvement.
Currently e nzyme r eplacement t herapy is widely u sed f or ex traneural t issue
pathology, with successful achievements [16]. The effect on non-neural tissues has

been well documented, but two major disadvantages are present: intravenous
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administration for life at regular intervals, and p oor ef fect to the ce ntral nervous
system.

The second clinical approach has been proposed to reduce the storage substrates
by i nhibition o f glucosyltransferase: substrate r eduction t herapy [24]. T his new
approach is meant to diminish glucosylceramide in the cell, the first step product of
glycosphingolipid synthesis. In fact this trial has been reported not only for Gaucher
disease with glucosylceramide s torage b ut al so f or N iemann-Pick C d isease,
Sandhoff disease and other diseases with substrate storage of other types. However,
this ap proachi nevitably d eprivess omaticcel Iso fb iologically act ive
glycosphingolipids to some extent, possibly ensuing dysfunction of various types of
somatic cells. In fact clinical side effects have b een recorded at therapeutic d ose
levels e ven in healthy i ndividuals, p articularly headache and diarrhea. Thisis the
most important issue when this therapeutic approach is discussed for future clinical
practice.

Chaperone therapy, originally proposed as chemical chaperone therapy, has been
also called pharmacological chaperone therapy or enzyme enhancement therapy at
present. Advantage of this new trial is non-invasive drug administration to achieve
normal metabolic turnover and enhancement of missing enzyme activity in somatic
cells and tissues. It is a mutation-specific drug therapy, and we admit that not all
patients under diagnosis of a single genetic disease can be treated by one chaperone
drug, a lthough a t1 east o ne-third to h alfo fp atients c anb e th e ta rget o f'th is
therapeutic trial. In addition combination of two or more chaperone compounds will
reach a broader chaperone spectrum at least to two-thirds of patients. A combination
therapy with e nzyme replacement may b e useful. Clinical ef fectiveness has b een
confirmed for G y;-gangliosidosis m odel m ice (NOEV) and for h uman Gaucher
patients (ambroxol). No clinically recognizable adverse effects have been observed
so far at the effective doses in mice and humans. Further experimental confirmation

will be possible for this new therapeutic concept.
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