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Summary

Treatmenbf.Gaucher Disead&D) is now beset with the abundance of therapeutic options
for an individual patient, making the choice of therapy complex for both expert and non-
expert clinicians. The pathogenesis of all disease manifestations is a gene roubation
deficiencyof glucocerebrosidadaut the clinical expression and response of each of the
clinical manifestations to different therapies can be difficult to pre@inzyme replacement

therapy has been available since 1868d is welestablishegdwith known efficacy and
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minimal toxicity. Of interestthe three available enzymes are distinct molecules and were
registered as new products, not biosimilars. Oral substrate reduction thesapydbegone a
revitalisation with a newlppproved agent in this class for which some efficacy exidity
guestions have been raisétkreinwe present our approach to the management of GD in the

era of cheieesyincluding a new algoritfion how to manage a newly diagnosed patient.

I ntroduction

Sinceour last description of the management approach to Gaucher Disease (GD) was
published (Zimran 2011jhere have been significant advances in the understanding of the
pathophysielegy of the disease, highlighting the role of inflammaitigpeired immunity
(Pandeyet al2014) and protein misfoldingdorowitz, et al2016), in addition tdt being a

lipid storage disease. Also, the variety of availableaghies hagxpanded, and the approach
to early diagnosis, the use of biomarkers\aluae response and treatment expectations may
have moved.ofZimran and Sze2018).

The disease.is characterised by the accumulatioruobgyteramideladen macrophages
in a varietysof'organs, most notably the reticuloendothelial system (Figure 1)gléadin
hepatosplenomegagndhypersplenism (Zimran and Elstein 2016). Bone mairditration
can resultin bone infarctipwhich may manifest clinically as bone crisgdead to
osteonecrosi@Figure2) and (less commonly) pathological fracturésese latter skeletal
complicationsarethe most importantrreversible consequence of uncontrolled GD eesililt
in majorimpacs on the quality of lif¢QoL) of patientsand hence should be avoided by
early administration of specific therapi/hile central nervous system effects are traditionally
thought to be associated with types 2 and 3 ®EBenly described data links the mutated
gene assogciated with GD and Parkinson(aftaki, et al2017, Neudorferet al1996,
Sidransky.et.al2009a).

Diagnesis=eiGD may present a significant challenge to ri@D-specialities owing to the
wide variability'in age, severityype of clinical manifestatioand lack of awareness of the
early signs'and symptoms of GD among specialist physician@istry, et al2007).0One
in 6 patients with GD reporteddiagnosis delay of 7 years or more after first consulting a
doctor(Mehtg et,al2017). Haematologistaind paediatrians werethe mainspecialistdo
whom patientsfirst presentegand themost common presenting featuresre splenomegaly,
thrombocytopenia, anaemia and bone p&ine Gaucher Earlier Diagnosis Consensus (GED

C) identified sevemmajorfeaturesndicative of type 15D (GD1), i.e. splenomegaly,
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thrombocytopenia, anaemia, hepatomegaly, bone issues (pain, crises, avasculararetrosi
fractures), hyperferritinaemia and gammopathy, andnbajor co-variables, i.e. family

history of GD andAshkenazi Jewish ancestflylehta et al2017). Additional major signs
were identified in type 3 GGD3), including oculomotor disturbances, myoclonic epilepsy,
motor disturbances and kyphodtatients with GD may also experience chronic fatigue that
causes functional disability and adversely afféoeQoL (Hayes et al1998, Zion et al

2016).

Gaucher disease is diagnosedthi@decreased enzymatic activity #glucocerebrosidase
(the gold standard) combined withe identification of mutations in thé BA (also termed
GBAY) gene. Wholegene sequencingf theGBAgene is recommended to rigorously
establish the molecular diagnofis some prognostication and better carrier detection in the
family (Zimran2011). The use of dry blood spoizymatic and molecular diagnosis was
shownto be reliabldor patientfrom remote area@/erma et al2017).While the genotype-
phenotype associatios imperfect understanding genotypes that are extremely likely to
result in mild disease and those more likelpd¢ourin more seves, and significantly
neuronopathieliseaseis important for monitoring and therapeutic decisidmportantly,
bone marrow aspiration as a means of diagnosis is only indicated when other haerahtologic
disorders must be ruled out (Beutler and Saven 1990, Zimran and Elstein 2016).

Biomarkerseorrelating with the etent of glucocerebrosedstoragere important for
improved diagnosis, initiation of therapypnitoring disease progressiand therapeutic
correction.and optimising theraphitotriosidaseand CCL18 (chemokine [C-motif]
ligand 18)measurements wefeund useful for diagnosis, monitoring untreated patients and
assessingesponse to theragipeeganet al2005, Raskovaloyat al2017).(Cox, et al
2000, Zimranet al2010, Zimranet al2011). Recently, gucosylsphingosihg$o-Gbl) a
downstream metabolic product of glucosylceramide, which is also degraded by
glucocerebrosidasbas been identified assensitive and specifisiomarker for the diagnosis
and monitering:of patients with G@Murugesanet al2016, Rolfs et al2013). Continuous
subcutaneoussinjections of Lyso-Gb1 in normal mice results in the developni&biliie
features, thereby documenting the pathophysiological role in GD beyond just akapmar
(Lukas et al2017).Lyso-Gb1 was not available at the time of the trials, but retrospective
analysis of stored samples demonstragetlictions in Lyso-Gb1l levels during velaglucerase
alfa treatment in both treatmem&ive and inswitch-over’ patient group&Elstein et al

2017a). In a longitudinal cohort studlyso-Gb1 was shown to precede and predict the
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response of splenomegaly and thrombocytopergmtgme replacement therayRT)
(Arkadir, et al2018a).

Neverthelesghere is still a need tdevelopnewprognostic biomarker®r diseaseelated
eventsand cemorbidities(e.g.,0steonecrosis, cancer, Parkinstmallocate treatment to the
appropriate"patientst the propetime point in the diseas&his might become evenore
important when'largscale newborn screening becomesecommon practicéSchielen et
al 2017) and there will be pressure to start therapy at an eadsypnptomatic stage of the
disease (which might beraasonable idea iother disorders, but will certainly not be
indicated in.an,adulbnset disease, where many of the affected patients may be asymptomatic
throughoutitheir lifespan)

As stated abovehe underlying pathology of GD is nelelydue tothe lysosomal
accumulation of glucosylceramide in the tissue macroph@gesgler, et al2005) There is a
broader spectrum of lysosomal dysfunction and various intracellular and naolelsahges
that could lead to additional diseasanifestations, includingomethatcamot beaffected by
ERT (Aflaki, et al2016) In particular, the retention of the mutant glucocerebrosidase within
the endoplasmi¢ reticulum (ERause<£R stress, unfolding protein response (UPR) and
early ERassociated degradation (ERA®raunstein et al2018, Maory et al2013).

Ideally, patients with rare diseasssch as GDshould be managed by experts, preferably
at a national.centre of excellenoga multidisciplinary team of expertisat havdong-term
experience with the diverse clinical manifestations and potentiale@&ed or unrelated co-

morbidities

Nonspecific ther apy

Beforethe intreduction of ERT, symptomatic management included splenectomy and
orthopaedie,surgery, and few patients underwent allogeneic bone marrowatnéetsqmh.
Splenectomy:=was indicated in patients with massive splenomegaly and severe hyigarsple
poor nutritional'status secondary to early satiety, growth retardation in chiftteragaous
mechanical or vascular complicatiof@mran 2011) After splenectomy, most patients
developedony complications (typicallpsteonecrosisf large joints) progressive
hepatomegaly'with tendency to abnormal liver functeomd(in severe casesven cirrhosis
andahigher risk of death from septicaemia (proportional mortality of @2Mayq et al
2008, Rodrigugeet al1999, Weinrepet al2018) Following the ntroduction of ERT,
splenectomy is almost never needed and should be avoided.

This article is protected by copyright. All rights reserved



Orthopaedic surggris still commonlyneededmainly arthroplasties (including revisions)
due to osteonecrosis thatcurredbefore the availability of ERTThe success of surgical
procedures in GD is improved wittifectivemulti-disciplinary preparation, particularly
including a haematologistdr prevention of excessive bleedi(pectreet al2011], a
general physiciartgr infection prevention, if needed) and an anaésthéor overall
planning including bleeding preventigloscovich et al2006, loscovichet al2016).

Enzyme replacement ther apy

The introduetion of ERT in 1991 wagealrevolution in the management @D patients
(particularlyGb1 andGD3b) (Barton et al1991) It was the fulfilment of the dream of
Roscoe Brady, who first expressed this concept in {Bf&gly, et al1966) a year after
delineating the inherited deficiency of the glucocerebrosidase as the aetiodByBfady,

et al1965) Yet, it required over 25 years of intensive research before the purification of the
enzyme from:human placenta could be achief@idwed by modification of the glycoform

of the proteirfor.targeing it into macrophages (Brady 2006). This breakthrough in the
managementfasD, along with the pioneering and financial success of the Genzyme
Corporation, has opened the door and brought hope not goditiemts withother lysosomal
storage"disorderdut alsoto the entire world of rare diseases. For a few ya#ghjcerase
(Ceredase™yGenzyme, USA) was the most expensive drug in the wiuidt triggered
debates related to dosagkigh-dose versus low-dosg(Beutler 1994, de Fostt al2006)

and to indications for treatment, which have not been fully resolved even today, when we
have several ERTs and additional therapeutic options. Sadly, there are stidlrchiithGD1
who die due to the inability of their countries to cope with the high cost of therapy and with
the lesser supply of compassionate medica{iGheemaet al2016) Therequirement for
lifelong dependency on intravenous therapy, has led to attéonipizrease the intervals
betweensthesinfusionsle Fostet al2007), to consideration of “drug holidays” (Goldb|att

al 2016) accderation of thanfusion rateto 10min (Zimran et al2018a)or switching to
alternative ' modalities,e. oralsubstrate reduction therapy (SRTCpx, et al2000) as
discussedrin this revigw

Currently available ERT

Tablel describeshe ERTsavailable todayThe placentalderived alglucerase (Ceredase™,
Genzyme) was replaced in the r1iI90s by the human recombin&ftinese hamster ovary
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derived imiglucerase (Cerezyme™, Sanofi/Genzyaeag, was the only ERT available for
nearly 15 years. In 2010 and 2012 two newly developed ERiEsed the markethe gene
activatechuman recombinant glucocerebrosidastaglucerasalfa (VPRIV™, Shire) and
the plantcell-derived human recombinant protein taliglucerase alfa (Elelyso™
Protalix/Pfizer);espectively. Historically, thesaew enzymes” started to be widely used
before the‘official market authorisation, during the 2009 worldwide imiglucerasaghort
(Hollak, etal2010). Today, the availability of these 3 ERTs may differ between different
countries.

Recently several companies have started to develop imigludeossailars; the first of
these abcertin™ (ISU, South Korea)(Cheit al2015)is alreadyavailablein Korea, Egypt
and several other countries, and anotiesimilaris in aclinical trial in RussiaDue to

insufficient information, the newiosimilars are not discussed in thisview.

Safety and efficacy

Overall, ERT as a modality is very sdfe all ages and all 3 B types.Safety hadveen
documented.in.¢linical trials, by pharmacovigilance of each of the manufactunersaa
disease ordrug/registrieBhe authors are not aware of any death or irreversible damage
which occurred due to severe dmeated adverse evenOnly afew cases developed
anaphylactic reactian typically during the first or second infusion, and most reported
adverse effecttAEs) were mild to moderate and transient alidinot lead to discontinuation
of therapy. Alergic reactionsvereefficiently managedy premedication, by slowing the
infusion rate or by switching to another ERT. Anti-drug antibodies were reported in 1% to
53% of patients (see Table byt usually they were not associated with anaphylactic reaction
or with suppressetesponse to ERT and their overall clinical significance remained to be
determinedOther aspects of safety are the ability to provide home théEdgigin et al

2017h Zimran.et al1993) and to conceive and carry on with treatments throughout
pregnanciegElstein et al2014, Lay et al2018 Rosenbaum 2015)ongterm AEsrelated

to ERTincludesprimarily weight gain ( ~10% of patietigve an increasa body weight

(BW) by >10% from baseline), metabolic syndrome (particularly fatty lisedovert
diabetegup to8% of the patien)gNascimbeniet al2018)

Regardingefficacy, ERT has led to an unparalleled dramatic improvement in the natural
history of GD; in fact, when given prito the development of irreversible skeletal
complications, the majority of patients will present a phenotype of a normal heaitlon pe

whose morbidity is limited to the need to receive infusions once eteey week (EOW)
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(Elstein et al2017b) After the firstfew years on ERTa temporary treatment interruption
(“drug holiday”) of a few weeks or months, fgpecific needs, such a vacatican be
allowed thereby furthanaintaining ahigh QoL (Goldblatt et al2011).

Different dosing regimens have shown significant improvement andneveralization in
cytopeniasfgpically faster for haemoglobin than plateletsints with the exception of
splenectomisethrombocytopenipatiens, who show a quick normalization of the platelet
count even to very small dos@dgistry, et al1992], reduction in hepatosplenomegaly [even
hugely enlarged splenomegaignbereducedo neamormal], amelioration of bone pain
[precedng the improvement in bone imaging, such as bone-marrow burden (8ddB)
(Maas et al2003) quantitative chemical shift imaging (QG®Maas et al2002), bone
mineral density (BMD (Elstein et al2011a) or even, albeit fanore slowly X-ray changes,
such as cortical bone thicknggsenthalet al1995)]. Upon initiation of ERT, eexpect a
significant improvement after simonths for the fouclassical key disease paramei@rable
II); howeverthe platelets may be refractoryE®T, slow to respond or respond poorly.
When using low-dose ERT, we typically and gradually increase the dose; if this does not
help, orif we.usedmigluceraseor taliglucerase alfave tend to switch to velaglucerase alfa
[with approximately 40% chance to demonstrate improvenaghbboster effect(Elstein et

al 2012). Wewould alsoconsider changing modality, for example, to eliglustat, based on
reportof improvement after years of poor response to B et al2017).Nevertheless,
moredata are required, as no “booster effextplateletsverenoted in the switclover trial
(Cox, et al2015). Always in parallebnd this is truéor any patient with suoptimal
responseantrdrug-antibodiesshould beestedand cemorbiditiesbe excluded [i.elmmune
Thrombocytopenia in the case of thrombocytopenia (Rosentetai2007].

With regard to the other disease features, ERT has demedstfatourable impact on
growth in children (Anderssoet al2008, Dwecket al2002, Mendelsohret al2018)
improvement.of fatigue (not iall patients)Biegstraatenet al2018), resolution of lung
involvement (inisome patients), reduction of polyclonal but not monoclonal gammopathy
(Brautbar et-al2004)andimpact onGaucheirelatedimmune dysregulatiofLimgala et al
2016, Limgalaet al2018).

ERT has no‘impact on lytic lesions, infarction or osteonecrosis of the baheslyno
impact on massive lymphadenopafmcluding “gaucheromas” (lvanoyat al2018) and as
it does not cross the blodmainbarrier(BBB), no effect on the neuronopathic features in
type 3 or 2 GD. Some neurological signs (e.g., hypotonicayjatasionally improvevith

ERT, but theesignswere typically secondary to the systemic manifestation of s&@ere
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(Lee et al2014). We have found that ERT impacts favourablyhe course of pregnancies
in our symptomatic female patients, particuldnyyreducing bleeding episodes during
pregnancy, delivery and post-partum andg few patients producingbetter overall

outcomesafter suffering previous repeated miscarria@@sanovskyGrisary et al2011).

What should be the dose of ERT prescribed for our patients?

When there was only one ERT option, the decision-process indiwdday questions: when
to start ERT anavhich dosing regimen to use? Indicatidos ERT included all symptoms

and signghathad shown improvement with therapymely aaemia, thrombocytopenia,
bone disease, hepatomegaly and splenomegaly. The dosing issue led to lengthy debates,
which tended/to be highly emotional (between higise advocates and ledose advocates)
and not free from external pressu(Bsutler 1994). Eventually, dosesponse relationships
were scientifically demonstrateHirst, by aretrospective study of registry dgtarabowskj

et al2009),and lateyduring prospective, randosgd, double-blind, dose-comparative
studies in treatmestaivepatientGonzalezet al2013, Zimranet al2011, Zimranet al
2016).In allthese studiesyhen there were differencebey always showed better mean
results for'the higher than the lower dose arms. Neverthelesstilitusiclear if these

statisticaly significant differencessupporting the more expensive higher dose reginaees,
also clinically.meaningful (Sidranskgt al2009b) It seems to us, based on the literature and
moreimportantly, on more than 20 years of follow-up of many patients with GD in Israel,
Australiaand the UK, that either 15 or 30 units/kg BW EOW are good dosing regforens
the vast majority of oustableadultpatientg(Figure 3) These doses lead to satisfactory
responseandprevention of osteonecrostberebyfulfill ing the basianedical concepof

using theminimal effective dose rather thétme maximal tolerated one. In addition, these
doses are not just cost saving (hundreds of millions of dollars per year), but theyvenay ha
additional benefits regardirfgture comorbidities (Zimraret al2009).Yet, there are

certainly patientsvith very severe disease manifestations (particularly children with
neuronopathiesforms or with non-N370S mutations, like Asian and patbnts, or patients
with signifieant bleeding tendency) who should start with high-dose therapy, and taper down,
if possible accerding to themprovement otheir disease parametgidoscicki and Taunton
Rigby 1993).

Are all ERTsthe same?
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Giventhe lack of reliable guidelingggardingnitiation of therapy(including dosing

regimer), the introduction of theew ERTqwith only asingle comparativaine-monthtrial

for lack of inferiority between imiglucerase anelaglucerase alfa at the highest dose
regimen(Ben Turkia et al2013] has intoduced new management dilermsn@ne in newly
diagnosed patientsvhich ERT to choosg@and the second in patients treated for many years
with one ERTwith regard taswitching to another RT (which one, when and why.?

Tablell demonstrates the efficacy results of the seminal trials of eachd&R¥e high

dosage of60 units/kKBW EOW. Despite the fact that the table does not reflect comparative
studiesjt seems that all ERTs are similais concluded also inracent Cochrane review
(Shemeshet al2015). Apparety, thesetypes of comparisons do not include important
disease features like bony involvement or growth parameters in children, nor do theg addres
longterm management.

Foranalysing the similarities and dissimilarities between the different ERTscounkl also
addres®therfactors detailed inTablel. Cost isalsoan important consideration, but we have
learned that there is no international “fixed priogany drug, and ERTs differ in cost in
different countries, and sometimes for different health care geoviwithin the same country

at a given'pointdn timeé=rom asocialjustice standpoint, one should start ERT with the least
costly onejfusing low-dose, this stuld be increased if necessawhencost is not an issue,
one can beginswith a high-dossgimenand reduce gradually after 6 to 12 months

appropriate.

Therapeutic goals and the concept of normalization

In 2004, the Genzyme Corporation invited a group of experts to meet in Amsterdam to
discuss therapeutic goals for the management of GD. This meeting led to a seminal paper
which became very popular, and g@ectedreatment gals have been accepted by many
experts as'a.benchmark to assess the response t(PE&Rdreset al2004).While these
“published"gos™ might have been important for tireexperienced physiciathey were
expectations=based on the datarfrinelnternational Collaborative Gaucher GrougGG)
regiser. These goals digbt necessarily meet optimal desimdcomes, whiclideally would
be the normalization &Il abnormalitiesFor example the goafor thrombocytopenia:
“Sufficient platelets to reduce bleeding (1.5- toR} increase) abneyear”. The question
raisal is whetheoneshould &cept as a satisfactory responsénanease of platelets froB80
x 10%/1 to 60 x 16/I, which might stop spontaneous bleeding, but probably nottnstatic
or postpartumhaemorrhage.
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Although hardly used at referral centres in daglay practice, many investigators have used
these therapeutic goals in the assessment of new Gapwfic treatment options. We {00
were pleased to repoit, our phase 1/2 single centre stuafyelaglucerase alf@Zimran et

al 2010), early achievement and maintenance of 100% divéhéong-termtherapeutic goals
despite dosereductidrom the initial 60to 30 urits’kg BW EOW (Elstein et al2011b). W\
alsoused early achievement wvo of thesetherapeutic goals as a prerequisite for dose
reduction in‘that clinical triaSimilarly, others selectepatients who achieved the therapeutic
goals withgimiglucerasas an entry criterion for theiswitchrover’ study to eliglustaCox,

et al2000),

However,aswe enter the era of choices between different therapeutic options of different
modalities(i-e4§ ERTs versus SRT, and the need to assess potential differences within and
between modalities) setting a low threshold would decrease the likelihood ofyidgntiue
differences. Therefore, and following acent reportwheren many of the pagintswho
paricipatedin the clinical trials of velaglucerasd¢fa have achieved normalizatigdimran
et al 2018b) we suggestiming for normalization as the therapeutic goalkach parameter
and calculatinghe proportion bpatients achiemg normalization for comparisoof different
therapeutic,options.

In the'interim, a consensus paper has been published wherein 42 statements of outcome
measures wer@cluded(Biegstraatenet al2018). In addition tohe traditionalgoals
concerning haematological, visceral and bone manifestationswhezdescriptiors of
improvement irthe QoL, fatigue and social participation, as well as early detection and
prevention of longermcomplications or associated diseases. While the practical
implementation of all these statements in a-ttagtay follow-up of patients iproblematic it
does provide a broader and more ambitious hope for significant eradication of arla@D
morbidity. “Perhapghis outome measureshould set the stage for our proposal to use
normalization.as the ultimate treatmgoil and as a tool to compare different therapies and
different desing regimens.

Substrate'Reduction Therapy (SRT)

Substrate reduetion therapy was originally suggestdgidayn et al(1972). Thaedeaof

inhibiting glucosylceramide synthesis was based on the fact that patients with GD do have
residual catabolic activity against the glycolipid substrilbe. potential advantages of SRT
are first and foremost the oral route of administratimilowed by lack of immunogenicity,
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the potential ability to penetrate tissues which are refractory to BREoretical optiorof
combination with ERTard, finally, because it is a small chemical entity compared to
biological therapeutic proteing was predictedo be less expensi&hayman 2013).

The proof of conceptf SRTwas first established in 2002 when the iminosugar miglustat
(N-butyldeoxynojirimycin; Zavesca™, Actelion) was approved in Europe (a yearrates i
USA) for adult patients with mild to modera@&®1, for whom ERT is “unsuitable’as
described by the European Medicines AgeftayiA), or “not a therapeutic optiopas
describediby the US Food and Drug Administra{leDA). Miglustat improvedhekey
disease feates,(Cox, et al2000, Elsteinet al2004, Giraldpet al2009, Pastore®t al
2007} butnot to'the extent achieved with ERThesafety profile was merproblematic,
with a significant number of patients developing abdominal pdiashoeaandweight loss
andsomewho developed tremor, peripheral neuropathg memory impairmergGiralda, et
al 2018, Hollak et al2009). In a retrospective muliational multicente analysis of 115
patients, there were 49 (43%) patients who discontinued the drug due (K& et al
2013). Although a formal trial 08D3 has failed Schiffmann et al2008) as miglustat can
cross the BBBafew physicians are using it effibel in combination with ERT for g@tients
with neuronopathic GD.

More recentlya seond SRT, eliglustat tartrate (Cerdelffa Sanofi/Genzyme), was
approved by.the FDA in 2014 (followed by >50 other countassiyst-line therapy for
patients withGD1. Eliglustat a ceramide analogukatinhibits glucosylceramide synthase
via its structural homology to the simplest glycosphingolipid (glucosylcergmides studied
in 393 patients, the largest international clinical trial prognaffor GD1. For the drug
registration two phase 3 trials were useENGAGE,comparing eliglustat to placebo in naive
paients(Mistry, etal 2015) and ENCOREcomparing eliglustat to imiglucerase in patients
previouslytreated with imiglucerag€ox, et al2015).

While widdy.accepted as a better and safer dvbgncompared to miglustaalthough no
comparativertrials were conducted, and probably neilebe), it seems to us that the
assumptionsthat eliglustat is as good as ERT (hence both being considtiatj requires
some considerationBirst, the SRT modalityimpacts on several other pathways as it
(partially) inhibits the first committed step in the biosynthesis of hundreds of different
glycosphingolipids, the clinal consequences of which may not be apparent iaghg
follow-up. Specifically for eliglustatstudies shaed thatthe efficacywasinferior to ERTs
and the safety profilwasmore problemat than ERTsIn the ENGAGE trialthe magnitude
of the clinical response to each of the outcomes measured was inferior to what has been

This article is protected by copyright. All rights reserved



reported with the ERT@Mistry, etal 2015). f we look at the change from baseline (as was
the case in all clinical trials for GD heretofore, and not “absolute difference from placebo”,
which is a bit confusingthe mean results weedl inferior compared to the publish&RT
studies Bartonet al1991; Grabowsket al1995; Zimraretal 2010, 2011Tablell). In the
switch-overtrialFENCORE, there is again a new definition of “maintaining stabilitghas
trial’'s endpoint (which in addition tefficacy is also a safety measure for “lack of
deterioration”)(Cox, et al2015). The numbers accepted by the HEMA werefar more
generous than the definition of the same parameters during previous evétdhials
(imiglucerase to miglustatniglucerase to velaglucerase atfiaimiglucerase to taliglucerase
alfa). Still,'withthese definitions13% have failed to maintain stability, and here too a simple
comparison with\the previous protocols would sugggstiority, asalso notedy the
AustralianTherapeutic GoaglAdministration(Pharmaceutical Benefits Advisory Committee
2015) and by the Canadian Agency for Drugs and Technologies in Health (2017)).

Perhaps a more concerning consideration is the safetis &R, with a certain
percentage of cardiac AEBeterschmittet al2018) and issues of drug-drug interactiaas
the CYP2D6 pathway mainly eliminatetiglustat Taking safety and efficacyogetherwe
are currently offering eliglustat to adplatients withGD1 who are CYP2D@&xtensive,
intermediate or poor metabolizer0% of the general population) who are unwilling or
unable to receive ERT. The definition of “unwillifigncludesall those patients, who prefer
an oral medication, eveniifless effectiveandwith moreAEs, whether newly diagnosed or
switched from any ERT8Vhereas those “unable” to receive ERTlude patientsvho
developed allergic reactions or other significant AEs to ERT, includingredtatgd ce
morbidities like metabolic syndron{gimran et al2018a).

We suggest.that aBCG and24-h Holter monitoringshould be performebefore the
initiation of eliglustat, and thaan ECGshould be included in the routine follow-up of
patients Eliglustatshould not be recommended to patients with any ofdinditions listed in
the label where'caution is required, such asraterlyingcardiac disorder, liver or renal
abnormalitiesywomen who wish to start a family and patients receiving anyatieascthat
may lead.to"drughug interaction. Figur8 delineates our current approach to the
management @gD1 (adults and childrénn the era of choicesyhichis a bit more
“conservative” compared to the one recently suggested by our American colleagues
(Balwani, et al2016).
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Phar macological chaperones

More than a decade ago, Ron and Horowitz (2088)rted that the glucocerebrosidase
mutant proteins present variable level€&fretention, due to their inability fold correctly

and also undergo ERAD in the proteasomes, thereby reducing the amount of enzyme
reaching the lysosome. While this observapartly explains the phenotypic heterogeneity of
patients with the same genotype (itee greater the ERADhemore severe is the disease
phenotype), it has also led to the consideration of pharmacological chaperonagRC&w
therapeuti¢ modality to manage patients with GD. These PCs were found capable of partially
removing the misfolded proteins from the ER, thereby relieving ER stress, avoiding ERAD
and preventingsconsequent complications, and also increasing glucocerebrosidagdwctivit
stabilizing/the enzyme in the lysosolabajanj et al2012, Mohamegdet al2017, Suzuki
2013).

In particular; as PCs are typically small molecules capable of crossiBggBat also
providedhope.for patients witleD3, in whom ERT was only effectivier the non-
neuronopathic features. After the first tmath isofagomine as PC (NCT00875160) failed to
meet the endpaoints and the drug development progestoppedMahuranand his team
studied more than 1000 different commercially available drugs and identified>ahbs a
candidate:PC for GQMaegawaet al2009). Unfortunatelythe use patent was granted to a
company uable to conducthe appropriatetudy. Therefore the proof of concept in GD
patients was first reported wherof 11 naive patientseated withoff-label ambroxol 150
mg/day for 6 to 12 months achieved a positive resp@isgan et al2013). Thdact that
the onlytwo good respondemsere thetwo thinnest patients in thgroupsupported the
prediction'ofMaegawaet al (2009)that ahigher dose of ambroxol would be required for GD.
During the past:6 years, a Japanese team of paediatric neurologiststiacted an
investigatoritiated studyin patients with neuronopathic GD and have demonstrated a good
safety profilesand tolerability of doses up ttirfies thatused for cough (25 mg/kg/day or a
maximum dose of 1300 mg/day divided into three equal d¢Nesita et al2016). This
high-dose ‘"ambroxdteatmenm led to significant increasanlymphocyte glucocerebrosidase
activity, itcrossedhe BBB anddecreased LysGb1l in the cerebrospinal fluiCSF)
importantly, animpressive impact on myoclonic epilepsy and additional neuronopathic
features was achievetdiwo of thesix reported patients who were bedridden due to severe
myoclonicseizuresimproved their gross motor function dramatically, allowing them to walk

independently again.
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Although there is a current agoing clinical trial of a new SRT molecul€Z/SAR402671)
in combination withmiglucerasen adult patients wittsD3 (NCT0284303%, this is quite a
challenging trial involving repeatedSEtesting with an estimated completion date in
October 2022We feel thathere arechildren with symptomatiGD3 who cannot wait this
long, and-therefore otkbelambroxol may hava role in the management of patients with
GD3, especiallythose who haweyoclonic epilepsyPawlinskj et al2018).Also, based on
the proof of concept iGD3 and variousn-vitro and animal studies, ambroxol may have a
role in patientsvith GD1 and suboptimal response to ERT am&D patients and carriers,

who develop early signs or symptoms of Parkindiseas€PD).

Parkinson and GD1

The risk ofPD in GD1was first described in 1996; six cases with relatigelyere
parkinsonism at an earlier age (4th to 6th decade ofNejdorfer et al1996).
Subsequently;:thECGG Registryshowed that the risk #D in GD1was 6 to 174old
increased over.reference populatiResenbloomet al2011) Patients with GD who
develop PRypically have a milder phenotypeith milder gene mutations. In contrast, in
carriers of GDpwho are also at a higher riskRor(Sidrarsky, et al2009a), the risk dPD s
greater for.the carriers of more severe (NBY0S)GBAmutations compared to carriers of
mild (mainly-N370S) mutations (Arkadiet al2018h Barrett et al2013, Gar@r, et al

2008).

In patients:withPD, the odds ratio for angBAmutation in patients versus controls was
found to be around 5.5 (Sidranslet al2009a).Those with a&GBAmutation presented earlier
with PD, were more likely to have affected relatives, and were more likely to have atypical
clinical manifestations as well as mgn@nounced cognitive decline (Swan and Saunders-
Pullman.2013).

The unexpected link between a rare single gene disease, GD, and the common
neurodegenerative disord®D, is no longer speculatiqifruterman and Hardy 2016).
Despite a growing number of publications, from basic research to clinicalssttigie
underlying'role of glucocerebrosidase is not clear. Two main hypotheses have been
suggested: thewgain of function” vs. “the loss of function” (Beavan and Schapira Za#&3).
first focuses on thmisfolded mutant enzyme, ies&cumulationin the ER Jeading toER
stress, and the activation of the ER stress resptres&PR(Horowitz, et al2016) An
elegant study supporting this hypothasithe Drosophila model, whef@BA-mutant
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overexpressiofeadsto parkinsonism and treatment with ambroX@C)led to amelioration
of the PD-like symptoms and related laboratory findifMaor, et al2016). The “loss of
function” theory is based on a stuidlya mouse model where chemical inhibition of the
glucocerebrosidase led tileaccumulation of a-synuclein (ManningBog, et al2009), and if
this isthe'casgthen SRT that crosses the BBB might becatigerapeutic option. It is
possible of course that both mechanisms, plus as yet undiscovered ones, play a role in this
association. Current]yhere are atgast two on-going clinical trials in newly diagnosed PD
patients who are al¥8BAcarriers: onenvestigatornitiated researcin London using high
dose ambroxol (NCT02941822), and the second®8anofi’'s multinational trial using a
novel SRT.molecule GZ/SAR402671 (NCT02906020). Findtlg,ihcreased risk of carriers
may implypretest counddéing for GD carrier screenin@Mulhern, et al2017).1t is to be
hoped that the results of the various clinical trials will ultimately ledadeprevention of PD
in GBAcarriers and patients with[ixIshay, et al2018).

Unresolved issues and future challenges

The successiofifERIN GD has exceeded all expectations, and the results in GDyafar,
better compared to those in other lysosomal storage disdikersabry or the various
mucopolysaccharide$he ERTs not only stopped the accumulation of the
glucocerebresidase and probably the even more toxic glucosylsphingosine, but actually
reversednost ofthekey disease featured/hen therapys administeredbeforethe
development of fractures or osteonecrasgibones, severe pulmonary infiltration or cirrhotic
liver changesthe majorityof the patients will acquire a normal phenotype it isindeed, as
Beutler wrote in/2004 “a triumph of translational medicii@&utler 2004), and all the
superlativegnentioned in the literature (“astonishing suc¢esgvolutionary” etc.) are
justified..Nevertheless, even after more than 25 yeasre faceavith many unresolved
issues, unmet-needs and many medical as well as ethical cha(leingjes et al2017,
Zimran and Sze2018).

Issues related to indications for therapy and dosages (both at the beginning and for
maintenance) are considered controver3iagé introduction of eliglustat has added new
management options.awever the choice of first-line therapy is not universally agreed.
There is no registered therapy for neuronopathic #&id,there is no evidenéer the impact
of ERT and/or SRT on the risk &D-related comorbidities, and if th@gcur,whether any
changes in ERT/SRT have any relevaidee high cost continues to play a role in the way
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patients are managed (or not managed), and the competition between several companies has
notdramaticallychanged the situation, whiléae availability of compassionate treatmias
reduced.

Developing new treatment modalitjessich ag”Cs of various kinds (inhibitory and non-

inhibitory), genetherapy, genome editing and othertharpresence of widely used safe and
effective therapies is going to be a challenge, mainly of finding suitable teutrea

symptomatic patients, but also with regard to the use of reliable biomarkers. Nevertheless, we
hope that irfive years’ time, when another chapter of “haw manage GD” is submitted,

there will be real breakthrougin thetransition from replacement therapy to prevention or

even cure, and.from succdssirrently limited toGD1) to significant improvement of the

clinical course and prognosis of neuronopathic GD in a way that will be availallle to a

patients worldwide.
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TABLE I: Structural and clinical differences between the three recombinant ERTs currently in the market

Imiglucerase

Velaglucerase alfa

Taliglucerase alfa

Structur al el ements*

Amino acid (AA)

sequence

Human sequence; includes Arg495k

substitution

Wild-type human sequence

Human sequence; includes
Arg495His substitution, two AA at
C-terminal (Glu, Phe) and seven A4
at N-terminal (Asp, Leu, Leu, Val,
Asp, Thr, Met)

3>

Biotechnological

Expressed in Chinese hamster (CH(

Continuous human cell line (HT 1080) via

Carrot cellsexpressed human

platform cells targeted recombination with a promoter thaecombinant glucocerebrosidase
activates the endogenous
glucocerebrosidase gene

Method to Exoglycosidase digestion (post- Addition of kifunensine to inhibit Targeting to vacuole to naturally

produce required

production) toexpose mannose suga

rglycosylation process and produce high

produce pauci-mannose structures

glycans mannose structures

Exposed mannase= 40-60% ~100% ~100%

Mannose length Mans Mans—Mang Mang

Additional sugars™| GIcNAc/Gal/SA and core ND Xylose and/or core (a1-3) fucose

(a1-6) fucose

Clinically related features**

I mmunogenicity

~ 15% during the first year of therap

y1% (1 of 94) 1gG neutralizing antibodies

53% (17/32 treatmentaive) and
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~ 46% will experience symptoms of

hypersensitivity

14% (4/28 switch); 3 patients (2
naive) have IgG neutralizing
antibodies (negative on cdihsed

assay)

Hyper sensitivity.

Suggestive in 6.6%

Incidence of hypersensitivity not provided

Incidence of anaphylaxis

evens in the label 1 of 94 patients had an allergic(hypersensitivity) not provided in thg
reaction label 2 of 32 patients (6%) reported
hypersensitivity reactions
Pregnancy Category C Category B Category B

1%

* Modified from Tekoahet al(2013). **Based on https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/20367s066Ibl.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_- Product_Itifmmfhaman/001249/WC500096382.pdimran et al.

(2011).

TABLEAT"Efficacy data from published clinical trials of 60 units/kg body weight per month*

Alglucerase Alglucerase Imiglucearse | Velaglucerase | Taliglucerase | Miglustat Eliglustat

(Barton et al (Grabowskj et al | (Grabowskj et al | (Zimran, et al (Zimran, et al (Cox, et al2000) | (Mistry, et al

1991) 1995) 1995) 2010) 2011) 2015)
Duration 9 months 9 months 9 months 9 months 9 months 12 months 12 months
N 12 15 15 12 16 28 20
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Haemoglobin +36.5 +21.2 +23.7 +19.2 +19.3 +2.6 +5.7
Platelet count +40.7 +53.2 +43.5 +67.6 +72.1 +16.0 +32
Liver -11.6 -16.4 -21.4 -18.2 -11.1 -12.1 -5.2
Spleen -32.9 -42.2 -47.1 -49.5 -38.0 -19.0 -27.7
Chitotriosidase | NA NA NA 74.2 -50.0 -16.2 -28.0

Values presented as percentage change.
* Data extracted from nehead to head trials in different treatment naive populations, heterogeneoussegvaggy of clinical manifestations
and genotypéghus nocomparative statisticalonclusion can be drawn.

NA: not available.
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L egends:

Figure 1: a) Bone marrow aspiraghowing the characteristic lipildden macrophage of
Gaucher diseas@riginal magnification x100. b) Bone marrow trephine biojgshowing
replacement of normal marrow with abnormal macrophdgeginal magnification x100.
Figure 2ra)tongterm osteonecrosis of both femoral heads, causing advanced osteoarthrosis
of the hip joints'in a splenectomized patibatorethe availability of enzyme replacement
therapy (ERTYImage courtesy of DE. Lebel Paediatric Orthopaedic unit, Dept. of
Orthomedic surgery, Shaare Zedek Medical Centre, Jerusalem).ldoakleft femoral head
magnetic resonance imagimgan asymptomatic 4fearold patient withtype 1 Gaucher
diseasetenyears after starting ERT showing wdkfined areas of peripheral T2
hyperintensity associated witdnenhancement in marrow cavity consistent with bone
infarction. Unusually, femoral head sphericity is maintained. (Image courtesgf@&sy
Robertson, Department of Radiology, The Royal Melbourne Hospital, Parkville, VIC 3050,
Australia).

Figure 3. Our current approach to the management of adult and paediatricGgueter
diseasen the.era of choices

A) Adults. Asymptomatic patientiypically have no symptoms and no signs with normal complete
blood count;in‘the Ukasymptomatic patients are defined havammprmal haemoglobin, platelet
counts> 100 x 10/} no abnormalities in skeletahagnetic resonance imagiagd spleen size < 5 x
normal.

B) Children Patients with minimal findings are defined as those who blavieal or
laboratoriesabnormalities without clinical significance.

BW: bodyweight, EOW; every other week; ERT: enzyme replacement therapy; GD:
Gaucher disease; N370S: GBA N370S mutation; SRT, substrate reduction therapy
(eliglustat).
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From: Ari Zimran azimran@gmail.com
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Date: 15 April 2018 at 12:14
To: Shoshana Revel-Vilk srevelvilk@gmail.com

---------- Forwarded message ----------

From: Lebel Ehud MD <l|ebel@szmc.org.il>
Date: Sun, Apr 15, 2018 at 4:52 PM
Subject: RE: EMAIL

To: 11 1IN <azimran@gmail.com>

Dear Shoshi and Ari,

At your request | confirm giving you the figure 2A for your excellent review "How we manage Gaucher disease" which you had submitted
to BJH. This figure is from my own collection, it has never been published before.

Good Luck,

Lebel E. MD

Head of Pediatric orthepaedic unit
Dept. of Orthopaedic surgery
Shaare-Zedek Medical Cénter

From: 2t N

Sent: Sunday, April 15,.2018.4:51 PM
To: Lebel Ehud MD

Subject: EMAIL

Dear Shoshi and Ari,

At your request | confirm giving you the figure 2A for your excellent review "How we manage Gaucher disease" which you had submitted
to BJH. This figure is from my own collection, it has never been published before.

Good Luck,

Ehud Lebel, MD
Head, Pediatric 1 - -

This message (including any attachments) is intended only for
the use of the individual or entity to which it is addressed and
may contain informationithatiis non-public, proprietary,
privileged, confidential, and exempt from disclosure under
applicable law or may constitute as attorney work product.

If you are not the intended recipient, you are hereby notified
that any use, dissemination;.distribution, or copying of this
communication is strictly prohibited. If you have received this
communication in error, notify,us immediately by telephone and
(i) destroy this message if a facsimile or (ii) delete this message
immediately if this is ‘an,electronic communication.

Thank you.

Shaare Zedek Medical Center
http://www.szmcIorgHil
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From: Robertson, Patsy L Patsy.Robertson@mbh.org.au
Subject: RE: Gaucher
Date: 28 December 2017 at 03:36
To: Szer, Jeff Jeff.Szer@mh.org.au

Jeff,
Not sure if you still wanted these but here are 2 bitmap images of Ashley’s left hip.

The first is a sagittakimage — parameters — sagittal fat suppressed proton density sequence, TR
3010, TE 32, Matrix 320/256. 3mm slice thickness

The second is axial="axial fat suppressed T2 weighted sequence, TR 4960, TE 85, Matrix 256/256.
3mm slice thickness

Both taken on a_3T magnet using the body coil.

Patsy

From: Szer, Jeff

Sent: Friday, 1'December 2017 7:52 AM
To: Robertson, Patsy L

Subject: RE: Gaucher

| was hoping fomsomething a bit higher resolution for potential incorporation into a manuscript.

From: Robertson, Patsy L

Sent: Friday, 1 December 2017 7:51 AM
To: Szer, Jeff<jeff.Szer@mh.org.au>
Subject: Re: Gaucher

Jeff,

| do have theseronsmy computer but | think | might have already given them to you. They are
jpegs and you might prefer another format.

Patsy

Patsy Robertson:MB:ChB; FRANZCR, MMed(Imaging), GCUT

Honorary Clinical'Associate Professor
The University of ' Melbaurne

Radiology Consultant
Royal Melbourne Hospital
Grattan Street; Parkville
Victoria 3050

From: Szer, Jeff

Sent: Thursday, 30 November 2017 12:47 PM
To: Robertson, Patsy L

Subject: RE: Gaucher

Don’t worry Patsy. | did not get an out of office from you. Hope it is fun.
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