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Abstract

Lysosomal storage diseases (LSDs) often manifest with severe systemic and central nervous
system (CNS) symptoms. The existing treatment options are limited and have no or only modest
efficacy against neurological manifestations of disease. Here, we demonstrate that recombinant
human HSP70 improves the binding of several sphingolipid-degrading enzymes to their essential
co-factor, bis(monoacylglycero)phosphate, /n7 vitro. HSP70 treatment reversed lysosomal
pathology in primary fibroblasts from 14 patients with eight different LSDs. HSP70 penetrated
effectively into murine tissues including the CNS and inhibited glycosphingolipid accumulation in
murine models of Fabry disease (G/a’"), Sandhoff disease (Hext") and Niemann-Pick type C
(Npc1'-) disease, and attenuated a wide spectrum of disease-associated neurological symptoms in
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Hextr- and Npc1’~ mice. Oral administration of arimoclomol, a small molecule co-inducer of heat
shock proteins that is currently in clinical trials for Niemann-Pick disease type C, recapitulated the
effects of recombinant human HSP70, suggesting that heat shock-based therapies merit clinical
evaluation for treating LSDs.

Introduction

Lysosomal storage diseases (LSDs) are caused by mutations in lysosomal proteins, their
activator proteins or proteins required for their intracellular transport(1). These diseases are
characterized by accumulation of undegraded macromolecules in lysosomes and eventually
in other cellular compartments. Their clinical manifestations depend on the spatiotemporal
relationship of the affected protein, its substrate and its role during normal development and
physiology. For example, defects in glycosphingolipid (GSL) turnover often result in severe
neurological manifestations due to the essential role of GSLs in CNS development (2).

Due to the ability of molecular chaperones of the HSP70 family to protect pathologically
challenged cells, HSP70-based therapies are emerging as attractive treatment options for
many degenerative diseases (3—8). Notably, the cytoprotective effect of the major stress-
inducible member of the family, HSP70 (HSPA1A), involves direct interactions with
lysosomes (6, 9-11). HSP70 binds with high affinity to lysosomal
bis(monoacylglycero)phosphate (BMP), a phospholipid cofactor of lysosomal sphingolipid
catabolism(2, 6, 12-18). This interaction stabilizes the association of acid sphingomyelinase
(ASM) with BMP containing intralysosomal membranes thereby tethering ASM to its
substrate and protecting it from degradation. The subsequent increase in ASM activity and
improved catabolism of sphingomyelin to ceramide counteracts lysosomal aggregation and
membrane permeabilization, which are hallmarks of LSDs and stress-induced cell death(9,
19-26).

After the discoveries of the role of HSP70 in lysosomal pathologies (6, 9) a number of
recent publications have reported improved enzyme activities and lysosomal pathologies
through the induction of heat shock proteins in various LSDs (6, 9, 27-32). As a
consequence, the induction of heat shock proteins is emerging as an attractive therapeutic
target in LSDs, e.g. in Niemann-Pick Disease type C (NPC) where HSP70 has recently been
demonstrated to be critical for the proper folding and activity of the NPC1 protein(29, 33). It
is therefore likely that HSP70 may have dual benefits in this disease by chaperoning mutant
proteins but also protecting against permeabilization of lysosomes.

A critical aspect of therapeutically targeting heat shock protein regulation is to accomplish
this in a safe and well-tolerated way, particular for chronic diseases such as the LSDs. In
contrast to other reported inducers of heat shock proteins that work by inducing cell stress,
the clinically enabled small molecule heat shock protein co-inducer, arimoclomol, has been
tested in a number of clinical trials (34, 35). Arimoclomol belongs to a group of heat shock
protein-modulating drugs that act as co-inducers of heat shock proteins, particularly HSP70,
whose mechanism of action involves stabilizing the interaction of Heat Shock Factor 1
(HSF1) with Heat Shock Elements (HSEs), the transcriptional elements controlling heat
shock protein production (3, 5, 7, 36-38).
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Results

rHSP70 enhances BMP binding of sphingolipases and reverses lysosomal pathology in
cells from LSD patients

We previously reported the ability of recombinant HSP70 (rHSP70) to enhance the activity
of mutant ASM and to reverse the lysosomal pathology in fibroblasts from Niemann-Pick
disease A and B (NPDA/B) through its interaction with BMP (6). We hypothesized that the
same mechanism could also increase the binding of other sphingolipid-degrading enzymes
to BMP and alleviate the lysosomal storage pathologies of other LSDs. We therefore
analyzed the effects of rHSP70’s interaction with BMP for other known BMP-interacting
lysosomal enzymes and the effects on lysosomal pathology (Fig. 1A-C). rHSP70 facilitated
the BMP binding of Alexa Fluor 488 (AF488)-labeled recombinant a.-galactosidase A
(GLA), a-galactosidase B (GLB1), neuraminidase (NEUL), arylsulfatase A (ARSA) and B-
hexosaminidase A (HEXA) in a dose-dependent manner with maximal effect around 200
nM. In contrast, f-hexosaminidase B (HEXB) binding to BMP was enhanced only
marginally at higher rHSP70 concentrations (Fig. 1A). Importantly, similar concentrations of
the rHSP70-W90F mutant, which is incapable of binding to BMP (6), showed limited or no
effect on the BMP binding of other sphingolipid-degrading enzymes (Fig. 1A). Given the
ability of rHSP70 to promote the BMP binding of the majority of tested sphingolipid-
degrading enzymes, we investigated whether it could reverse the LSD-associated
enlargement of the lysosomal compartment in primary fibroblasts from patients with six
different sphingolipidoses, including Farber disease, Fabry disease, Gaucher disease, Krabbe
disease, neuraminidase deficiency (NAD) and metachromatic leukodystrophy (MLD).
Similar to fibroblasts from NPDA/B patients, all patient cells had a pathologically enlarged
lysosomal compartment, which was effectively corrected by a 24 h treatment with rHSP70
(Fig. 1B). Furthermore, rHSP70 improved endolysosomal dynamics in fibroblasts from
patients with Niemann-Pick disease (Movies S1, S2). As with the primary sphingolipidoses,
rHSP70 reversed the lysosomal pathology in primary fibroblasts from patients suffering
from Niemann-Pick disease type C1 (NPC1) (Fig. 1C), which is caused by mutations in an
endolysosomal transporter. Such mutations result in lysosomal lipid accumulation and
reduced ASM activity, both of which have been linked to disease progression(39-42). The
effect on lysosomal pathology appeared specific to the stress-inducible HSP70 as
homologous cytosolic family members (Hsc70 and HSP70-2)(43) as well as other heat
shock proteins with well-documented effects on cellular metabolism and survival (HSP27
and HSP90)(4, 44), failed to reverse lysosomal accumulation in NPDA fibroblasts (Fig. 1D).

rHSP70 distribution in murine tissues after iv or ip administration

In order to assess the feasibility of rHSP70 as a potential biological therapy for LSDs we
investigated its pharmacological properties including the longevity and reversibility of its
effects. We also performed pharmacokinetic (PK) and distribution studies (Fig. 2 and Fig
S1). For the PK and distribution studies, we used complementary autoradiographic (12°I-
labelled rHSP70) and immunological methods (ELISA) to analyze the PK and organ
distribution of rHSP70 after both iv and ip injections. Recombinant human HSP70 was
effectively taken up by both patient fibroblasts and lymphocytes (Fig. S1). The effect of a
single administration of rHSP70 on the aggregation of lysosomes in primary fibroblasts from
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NPDA patients disappeared gradually over the course of a week (Fig. 2A). Repeated weekly
administration resulted in a sustained reduction of lysosomal storage burden (Fig. 2A).HSP.
The analysis of the organ distribution of rHSP70 after single iv or ip administration to mice
showed dose-dependent profiles in all studied peripheral organs but interestingly also mouse
brain as analysed both by autoradiography as well as ELISA (Fig. 2B, 2C, Fig. S8). As the
potential to target the CNS is of significant therapeutic importance, we used an additional
four complementary methods to confirm and characterize the distribution of rHSP70 in the
brain: (i) microdialysis probe insertion into the dorsal striatum of freely moving rats (45),
(ii) capillary spin-down (46), (iii) immunchistochemistry and (iv) multiple time-regression
analysis that determines the blood-to-brain influx constant (47). All four methods showed
that rHSP70 crosses the blood-brain barrier to a significant extent and, most importantly,
enters neurons (Fig. 2F-1). The blood-to-brain transfer ratios indicated that rHSP70 entered
the brain via receptor-mediated transport (Fig. 21) with different brain regions showing
differential penetration rates of rHSP70, the midbrain having the highest uptake rate (Fig. 21
and Table 1).

Effective CNS uptake appeared to be mediated by receptor-mediated transport by the low
density lipoprotein receptor-related protein 1 receptor (LRP1/A2MR/APOER/CD91)(48-
53). We therefore tested the contribution of LRP1 to rHSP70’s lysosomal effects. We treated
NPDA patient fibroblasts with alpha-2-macroglobulin (A2M), the native ligand of LRP1.
A2M efficiently competed with rHSP70 for uptake (Fig. 2D), but did not affect lysosomal
storage itself (Fig. 2E). These data demonstrate that LRP1 was responsible for the observed
rHSP70 endocytosis in patient fibroblasts and that receptor engagement and activation by
itself was not sufficient to elicit the reduction in lysosomal storage observed upon
administration of rHSP70 (6). HSPHSPTaken together, these data demonstrate that rHSP70
has a favorable distribution profile as it effectively reached all tissues including the heart and
CNS, tissues that have been difficult to target and therefore treat with existing enzyme
replacement therapies (54).

rHSP70 attenuates glycosphingolipid accumulation in a murine model of Fabry disease

Prompted by the /in vitro activities and pharmacological properties of rHSP70, we proceeded
to test its efficacy in three murine models of sphingolipid storage diseases, i.e. Gla”",
HexB”- and Njpc1”- mice serving as models for Fabry disease, Sandhoff disease and early-
onset NPC diseases, respectively (55-58). G/a”- mice have previously been used as a
biochemical model of Fabry disease in order to demonstrate preclinical efficacy of enzyme
replacement therapies through reduction of biochemical storage of the GLA substrate
globotriaosylceramide (Gb3) in the kidneys(59). Gb3 has subsequently been shown to be a
relevant biomarker for Fabry disease(60). This mouse model has also been shown to be
responsive to substrate reduction therapies, consistent with an a-galactosidase A—
independent salvage pathway for Gb3 degradation (61). In order to evaluate the efficacy of
rHSP70 in this model we treated G/a”~ mice with three weekly injections of rHSP70 (5
mg/kg) starting at the age of 3 weeks. At 17 weeks of age, the mice were sacrificed and
kidneys, hearts and dorsal root ganglia were harvested to assess the accumulation of the
major GLA substrate, Gb3. Both kidneys and hearts of the rHSP70-treated mice showed a
significant reduction of Gb3 (P< 0.05, Fig. 3A,B). We also determined storage amounts of
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Gb3 in the cell bodies of the peripheral nervous system by analyzing the dorsal root ganglia
as peripheral pain is one of the clinical features of Fabry disease. Interestingly, the dorsal
root ganglia of the G/a”~ mice showed progressive storage of not only Gb3 but also of other
Gh3-derivatives, the so-called isogloboseries (Fig. 3C,D) consistent with previous reports
(62). Male mice had a significantly higher accumulation of Gb3 and its derivatives in dorsal
root ganglia than females, whereas the gender differences in heart and kidney were
negligible (Fig. 3D). Importantly, the administration of rHSP70 significantly reduced the
accumulation of all stored GSL species (globoside and isogloboside series) in the dorsal root
ganglia of male and female mice (P< 0.05, Fig. 3E, F). These data show that rHSP70 can
reduce the accumulation of GSLs in a translationally relevant model of Fabry disease.

rHSP70 attenuates glycosphingolipid accumulation and disease progression in a murine
model of Sandhoff disease

Next, we tested the efficacy of a similar rHSP70 treatment protocol in the HexB”- mice,
which despite some metabolic and pathological differences compared to patients with
Sandhoff disease, present with similar ganglioside accumulation in the CNS and ataxia (57,
58). This mouse model was previously used to study the effects of substrate reduction
therapies and presents with a relatively uniform disease progression with little biological
variability (63). Administration of rHSP70 significantly reduced the accumulation of GSLSs,
including the major storage lipids ganglioside A2 and M2 (GA2 and GM2), in the mouse
brain and had a modest effect on the accumulation of the major storage metabolite GA2 in
the liver (P< 0.05, Fig. 4A, B). The observed biochemical effects were accompanied by a
significant reduction in ataxia as measured by quantitative gait analysis (P< 0.05, Fig. 4B).
The treatment failed, however, to convey any significant improvement in a bar crossing test
suggesting that rHSP70 improves motor coordination rather than muscle strength. The final
set of experiments with continued HSP70 treatment revealed a modest but significant impact
on survival of 15% (P = 0.0018, Fig. 4C). Interestingly, all treated animals lived beyond the
age of the longest living control animal, but then relatively uniformly succumbed within a
short timespan, suggesting that the positive benefits of rHSP70 were somehow abrogated.
We therefore measured the anti-drug antibody titers in the serum of the rHSP70-treated
animals as the effects of biological drugs are often attenuated by neutralizing antibody
responses(54). The treatment of HexB”~ mice with rHSP70 induced high levels of serum
anti-drug antibodies (Fig. 4D).

rHSP70 attenuates lipid accumulation and disease progression in a murine model of NPC1

disease

Contrary to Fabry disease and Sandhoff disease that are caused by mutations in lysosomal
GSL-degrading hydrolases, lipid accumulation in NPC1 is secondary to defects in
endolysosomal transport, which leads to impaired function of lysosomal enzymes such as
ASM and responds to treatments that enhance ASM enzyme activity (39, 40). Encouraged
by the ability of HSP70 to stimulate ASM activity(6, 28), we studied the effects of rHSP70
on several other lysosomal sphingolipid-degrading enzymes and its ability to reverse
lysosomal pathology in NPC1 patient fibroblasts. The murine NPC model used here
(Npc17) replicates some of the biochemical and clinical characteristics of severe infantile/
juvenile forms of human NPC disease such as the accumulation of a broad range of
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sphingolipids and impaired myelination of the CNS, and also shows progressive ataxia, a
hallmark of the human disease (39, 64-68). It should, however, be noted that the full
therapeutic benefit of rHSP70 could not be properly assessed in this model as HSP70-aided
folding of NPCL1 protein in the endoplasmic reticulum (ER) could not be assessed in the
NpcI”~ mice, which have no mutated NPC1 protein(29).

Treatment of AjpcZ”~ mice with 3 mg/kg rHSP70 ip three times a week from postpartum day
21 (P21) until euthanasia at P54 reduced the total accumulation of GSLs in the mouse
forebrain by 59% (Fig. 5A). It also reduced the accumulation of GSLs in the kidney, liver
and cerebellum and unesterified cholesterol in the kidney and liver (Fig. 5A, Fig. 2A-C). The
reduction of GSL burden was not confined to a single GSL species, but rather all
accumulating GSLs measured were reduced after treatment with rHSP70 with the most
prominent effects on upstream metabolites of the GSL-catabolic cascade such as
gangliosides D1a and T1b (GD1a and GT1b) (Fig. 5A, Figs. S2 and S3A). These /n vivo
data corroborate the /in vitro findings of rHSP70’s effects on BMP-dependent enzymes and
lysosomal pathology in primary fibroblasts from NPC patients (Fig. 1). Impaired
myelination is a prominent early pathological feature of NPC and other
glycosphingolipidoses, and MRI analysis of the brains of NPC patients has shown clear
correlations between white matter status and neurological symptoms in NPC patients (2, 68—
73). These clinical observations have been mechanistically supported by observations of
decreased expression of myelin gene regulatory factor in the AjpcZ”- mouse model (74).
Intriguingly, rHSP70 reduced the cerebral accumulation of GT1b and GD1a, which are
involved in myelin regulation (75, 76), by 63% and 58% respectively (P< 0.01, Fig. 5A).
Importantly, administration of rHSP70 also significantly reduced the accumulation of GM1
ganglioside species GM1a, GM1la-gc and GM1b (P< 0.05, Fig. 5A and Fig. S3), which are
mechanistically linked to a neurotoxic unfolded protein response and apoptosis in some
LSDs (77, 78). The administration of rHSP70 had an impact on metabolites known to be
involved in the regulation of CNS function, particularly myelination. In agreement with
these data, rHSP70 significantly increased white matter thickness in the cerebellum and
enhanced the levels of myelin basic protein (P< 0.05, Fig. 5B,C).

Next, we investigated whether the observed biochemical and histological improvements in
myelin in rHSP70-treated AjpcZ”- mice were also associated with improved motor
coordination. Consistent with the biochemical effects of rHSP70 on the CNS and confirming
observations from a proof-of-concept study (Fig. S2), rHSP70 improved behavioral
phenotypes related to cerebellar function (Fig. 5D-F, Movies S3 and S4). By visual
inspection, the treated mice were apparently more active and better coordinated, and had
improved coat condition and physical stature (Movies S3 and S4). Automated quantification
of their activity and coordination in an open field test confirmed these observations as the
rHSP70 treatment significantly improved performance across all measured parameters (P <
0.05, Fig. 5D). Similarly, automated gait analysis (Noldus Catwalk XT) demonstrated
significant rHSP70-induced improvements of the ataxic gait phenotype as measured by a
number of disease-specific parameters, such as diagonal support, dual stance, step cycle
(hind), paw print area, footprint intensity, base of support and speed (P< 0.05, Fig. 5E).
These observations were further supported by an independent study employing a blinded
assessment of the behavioral manifestations of the disease by the SHIRPA test (Fig. 5F). For

Sci Transl Med. Author manuscript; available in PMC 2019 October 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kirkegaard et al.

Page 7

unknown reasons, the rHSP70-induced anti-drug antibody response after 4 weeks of
treatment was 8-10 fold stronger in the AjpcZ”~ mice than in the wildtype mice (Figure 4D,
Fig S4B). For this reason, we were not able to perform studies of longer duration in the NPC
disease mouse model.

HSP

Arimoclomol attenuates lysosomal storage in NPC patient fibroblasts and neurological
symptoms in Npc”- mice

We proceeded to test the efficacy of arimoclomol, an orally available and safe small
molecule HSP70 co-inducer with reported efficacy in other neurodegenerative diseases that
is currently undergoing clinical testing (5, 34, 35, 38, 79, 80). This strategy reflects recent
reports of the critical role of HSP70 in the maturation of the NPC1 protein (29) as well as
salvage of the /in vitro phenotypes of NPC and other lysosomal storage diseases by
upregulation of heat shock proteins (27, 30, 32, 81). Furthermore, the heat shock response
has been implicated in a number of chronic neurodegenerative diseases associated with
compromised protein function due to genetic alterations (3, 82, 83).

We began by testing arimoclomol /n vitro in primary fibroblasts from NPC patients and /n
vivo in the ApcZ”~ mouse model of NPC. Endogenous levels of activated Ser326-
phosphorylated Heat Shock Factor 1 (pSer326 HSF1), the primary transcription factor for
heat shock proteins including stress-inducible HSP70, was almost undetectable by western
blotting during unstressed conditions in both wildtype and NPC1 patient fibroblasts, but
showed a clear induction upon heat stress (Fig S5A). More sensitive ELISA measurements
indicated that HSF1 was only about 50% activated in NPC1 patient fibroblasts compared to
healthy control cells (Fig S5B). The very low levels of activated HSF1 during native /n vitro
growth conditions prompted us to pursue HSF1 activation status and response to
arimoclomol in vivo (Fig. 6C). Treatment of NPCL1 patient fibroblasts with arimoclomol
significantly reduced lysosomal storage and the accumulation of unesterified cholesterol (P
<0.01, P<0.05, Fig. 6A). A similar reduction in lysosomal accumulation was observed in
fibroblasts from patients with NPDA and MLD treated with arimoclomol (P< 0.05, P<
0.001, Fig. S6). We next studied the effects of arimoclomol in the AjpcZ”- mice. While this
model is the best characterized NPC model it does not replicate the important missense
mutations that are the most common type of mutations in NPC and therefore does not allow
for the assessment of heat shock protein-induction on the folding and maturation of NPC1
protein (29). This mouse model, however, did allow us to test if the therapeutic benefits of
HSP70 targeting lysosomal instability could also be achieved with arimoclomol (6, 28). An
initial proof-of-concept study demonstrated improvement of ataxia in the NPC mouse model
treated with arimoclomol and a 17% increase in survival (P< 0.001, Fig S7).

We tested arimoclomol in three subsequent experiments using two independent Ajpc1”-
mouse colonies (Fig. 6B-F) to validate the findings. Characterization of the two colonies
revealed that one colony had a slightly more aggressive disease course with earlier onset of
ataxia, which provided a larger dynamic range in quantitative gait analysis. Dose-ranging
studies indicated that daily oral administration of 10-30 mg/kg arimoclomol was the optimal
dose range for reducing ataxic manifestations and behavioral symptoms (Fig. 6B) in line
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with previously observed efficacious doses for arimoclomol (5). Further supported by the
reported efficacy of 10 mg/kg arimoclomol in other preclinical disease models, we chose to
focus on this dose (5, 38).

We next analyzed the effect of arimoclomol on Hsf1 activation and Hsp70 levels in brain and
liver of AjpcI” mice and healthy mice, in accordance with the proposed mechanism of
action of arimoclomol (5). Although the liver is biochemically affected in the Ajpc’- mouse
model it does not present with the overt hepatomegaly seen with the human early—onset
presentation of the disease so we focused our analysis on brain tissue samples. We observed
a reduced amount of activated Ser326 phosphorylated Hsf1 (pSer326 HSF1) in the brains of
Npc1”-mice, indicating that the AjpcZ”- mice, despite significant brain pathology had not
mounted a stress response in the CNS (Fig. 6C). This is in line with our /n vitro observations
(Fig S5) and previous observations of a reduced stress activation level in other animal
models of neurodegenerative diseases(5, 84). Analysis of the liver also showed a decrease in
activated Hsf1, although less than that observed in the brain (Fig. 6C). Administration of
arimoclomol re-activated the stress response in the brains of the treated animals but
interestingly did not provide an effect in the liver (Fig. 6C). Both mouse brain and liver had
significantly decreased levels of Hsp70, in line with the observed reduced activation state of
Hsfl (P<0.01, Fig. 6D). Importantly, administration of arimoclomol completely restored
Hsp70 levels in the brain, but only provided a minor increase in Hsp70 in the liver consistent
with the Hsf1 activation profiles of the two organs (Fig. 6D). Importantly, the impact on
Hsf1 activation and normalization of Hsp70 levels observed in the brain was accompanied
by improvements in ataxia (P< 0.01, Fig. 6E). Furthermore, a separate experiment in which
a blinded assessment of neurological and behavioral symptoms (SHIRPA test) was
conducted also demonstrated a significant benefit in other neurological manifestations of the
disease such as respiration rate and palpebral (eyelid) closure (P< 0.05, Fig. 6F). These data
demonstrate a neuroprotective effect of arimoclomol treatment in AjpcZ”- mice (5, 38, 84).

Discussion

The data presented here show that both rHSP70 and arimoclomol reduce biochemical
storage levels, improve motor function and extend life span in several neurological mouse
models of LSDs. However, the full effects of these approaches cannot be assessed in
knockout models of these diseases as these fail to replicate the essential missense genotypes
that constitute the majority of mutations in human LSDs, many of which have been shown to
be amenable to HSP-based therapies ex situ (6, 27, 29, 30, 85, 86). We demonstrate the
capacity of rHSP70 to augment sphingolipid-degrading enzymes as well as the ability of
rHSP70 and arimoclomol to reduce lysosomal accumulation in primary fibroblasts from
patients with LSDs. Importantly, rHSP70 reduced biochemical storage of relevant GSL
species in three mouse models of LSDs (Fabry, NPC and Sandhoff diseases) not only in
peripheral organs, but also in the CNS of mice with NPC or Sandhoff disease.

Interestingly, the effect of rHSP70 on GSL species involved in myelination and neuronal
survival provided new insights into potential mechanisms for the neuroprotective and
cytoprotective effects of HSP70 (11, 82, 87, 88). The mechanism of action and the
biochemical and behavioral responses in the two neurological mouse models of LSDs
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clearly distinguishes HSP70-based therapies from other LSD therapeutic approaches (54, 64,
89-92). Whereas the NPC1”- mouse model still retains functional, albeit compromised,
sphingolipid-degrading enzymes that can be directly augmented by rHSP70 (6, 28) the
effects of rHSP70 in the Fabry and Sandhoff disease mouse models cannot be explained by a
direct effect on the missing enzymes. However, studies of substrate reduction therapies in
both models have demonstrated that secondary metabolic pathways exist as blockade of
substrate synthesis by glucosylceramide synthase inhibitors, such as miglustat, leads to
reduction of substrate storage levels in both diseases (61, 63). It is thus conceivable that the
effects of rHSP70 are mediated by its interaction with other sphingolipid metabolizing
enzymes such as a-galactosidase B, which has previously been shown to have effects on
Gb3 (93). Given the broad capacity of rHSP70 to improve the function of GSL degrading
enzymes and its effects on endolysosomal trafficking, it is likely that the effects observed
may be mediated through an increase in the activity of these pathways, potentially through a
mechanism similar to that for HSP70’s effect on ASM activity (6, 13, 23, 28) although this
requires further investigation.

We investigated the orally available small molecule HSP co-inducer, arimoclomol. This
molecule is currently being evaluated in late-stage clinical studies of other
neurodegenerative diseases such as familial amyotrophic lateral sclerosis (FALS) and
sporadic inclusion body myositis (sIBM) and therefore has a human clinical safety record
making it an ideal candidate for potential chronic use in LSDs (clinicaltrials.gov identifiers:
NCT00706147; NCT00769860) (5, 33-35, 38, 54, 79, 80). Contrary to other HSP inducers,
arimoclomol does not stress the cell but instead acts as a co-inducer of HSPs, particularly
HSP70 (3, 5, 37). Its described mechanism of action involves binding to and stabilizing the
interaction of Heat Shock Factor 1 (HSF1) with Heat Shock Elements (HSEs), the
transcriptional elements controlling HSP production(5, 36). By facilitating the production of
HSPs in this way, arimoclomol does not in itself stress cells or lead to the direct induction of
HSPs, which is dissimilar to other HSP-inducing agents such as Vorinostat (SAHA) and
Velcade (bortezomib)(81, 85). Akin to the direct administration of rHSP70, arimoclomol
provided a disease-relevant response in patient-derived primary fibroblasts harboring the
most common NPC1 allele (11061T)(94). This is in line with a recent report by Nakasone et
al. describing a critical role for HSP70 in the proper folding and trafficking of the NPC1
protein(29).

Analysis of the stress response in the AjpcZ”- mouse model revealed that the activation of
Hsf1, a critical transcription factor for HSP production, was attenuated, even in the
pathologically most severely affected organ, the brain, and that it could be re-activated by
administration of arimoclomol. Crucially, the re-activation of Hsf1 and normalized Hsp70
expression in the brain of AjpcZ”~ animals was paralleled by clear improvements in all
measured neurological phenotypes. Most importantly, arimoclomol demonstrated a clear
effect on the clinically most relevant endpoints in the AjpcZ”- mouse model as all 13 ataxic
gait parameters measured using the CatWalk automated system as well as respiration
measured by blinded neurological examination (SHIRPA) were significantly improved. This
is encouraging as reduced motor coordination and ataxia are cardinal clinical symptoms of
NPC and because reduced diaphragm function and associated illnesses constitute significant
morbidities in NPC patients (65, 95).
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Although the full potential of arimoclomol cannot be addressed in the AjpcZ”- mouse model
as it is null and does not replicate the missense mutations found in most patients, we still
observed that the effects of arimoclomol were similar to the responses observed with
rHSP70, indicating that arimoclomol provides the same benefits as the administration of the
recombinant protein in this model, which are independent of the presence of the NPC1
protein. Interestingly, a potentially relevant NPC1 mouse model carrying the missense
mutation (11061T) was recently reported and might provide a model for future testing of
HSP-based strategies, pending its thorough characterization and evaluation as a relevant
preclinical model (96).

Our data suggest that rHSP70 is a feasible candidate for clinical development even for
treating chronic diseases, although antibody reactions to human proteins is a well-known
challenge within the LSD field (54). In this regard, it is important to note that patients are
not immunologically naive to HSP70 as is the case for some enzyme replacement therapies
and that rHSP70 has been shown to be safe even after 9 months of dosing in mice (97).
Notably, a constitutive increase of HSP70 as exemplified in transgenic animals
overexpressing HSP70 does not have any effects on development as these animals develop
normally; these animals are protected from ischemia and reperfusion injuries to the
myocardium (98, 99).

Even so, compared to lifelong intravenous administration of a recombinant protein, small
molecule HSP inducers would be predicted to be a superior option for patients provided they
are safe and suited for chronic use. Most existing HSP inducers stress cells due to their
various toxic effects, which makes their chronic use undesirable (86). We therefore
employed a small molecule, arimoclomol, which has undergone seven phase | safety trials
and three phase I1/111 clinical trials for amyotrophic lateral sclerosis (ALS) and sporadic
inclusion body myositis (sIBM), where it has a demonstrated safety profile compliant with
chronic use (clinicaltrials.gov identifiers: NCT00706147; NCT00769860) (34, 35, 100).

The ability of arimoclomol to reactivate HSF1 in the brains of AjpcZ”~ mice as well as the
role of HSP70 in sphingolipid degradation in three models of sphingolipidoses suggest the
potential of HSP-based therapeutics for treating these diseases. In addition, the reported
cytoprotective roles of HSPs, in particular HSP70 in lysosomes, and the role of HSP70 in the
folding and trafficking of NPC1, glucocerebrosidase and neuraminidase support the notion
that sphingolipidoses might present a therapeutic opportunity for HSP-based therapies (6,
28, 29). HSP-based therapies mediate their effects through multiple independent
mechanisms of action reflecting the multiple biological roles of the HSP70 system (33).

Although the strength of the HSP system lies in its multifaceted cytoprotective actions, there
are also potential limitations as it is challenging to discern which pathway is the most critical
for potential clinical efficacy. This challenge is exacerbated by the fact that most
sphingolipidoses are relatively poorly characterized with their molecular etiology often
obscure (101, 102). The mouse models used in this study are the best characterized for each
disease, but they are lacking one of the most important features of LSDs which is the
presence of missense mutations and the associated misfolding of enzymes. These animal
models not only lack a fundamental part of the human disease but also lack the capacity for
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testing the ability of HSP-based strategies to regulate folding in the ER and relieve ER-
associated stress and the unfolded protein response (103).

Another challenge to developing HSP-based therapies is that of dose translation from
preclinical models to human patients. For example, it is not known the level of HSP
induction required for the best clinical response. The dynamic range of the HSP system and
in particular induction of HSP70 is large and is variable depending on the stressor, the
amount of exposure, what tissue is being studied etc. Drugs often used in HSP experiments
such as proteasome inhibitors, HSP90 inhibitors and HDAC inhibitors provide high
induction of HSPs but are also cytotoxic. While they can be used to demonstrate principles,
it is clear that drugs that provoke HSP-induction through toxic actions are poorly suited for
chronic use. For these reasons we investigated the small molecule arimoclomol, which
provides a more subtle and less aggressive manipulation of the HSP-system and has been
demonstrated to be safe in both animal models and in human patients. Arimoclomol belongs
to a family of drugs that have demonstrated effects across a number of animal models of
neurodegenerative diseases (7, 8, 37). Importantly, arimoclomol has demonstrated potential
therapeutic benefits in several animal models of neurological and motor neuron disorders
including ALS, Kennedy’s disease (Spinobulbar Muscular Atrophy), acute injury-induced
neuronal death and sIBM as well as in retinitis pigmentosa and diabetic peripheral
neuropathy and retinopathy (5, 38, 84, 104-106). In addition, arimoclomol has been
demonstrated to enter the CNS efficiently and to be safe and well tolerated in a number of
clinical trials (34, 35, 100). Arimoclomol is currently being tested in a phase 2/3
randomized, double-blind, placebo-controlled trial in patients with familial ALS due to
mutations in superoxide dismutase 1 (SOD1) (NCT00706147).

It remains to be demonstrated whether these encouraging effects with arimoclomol translate
into clinical efficacy for ALS and sIBM (34, 100). Optimal dosing and duration of dosing
are clear limitations in both studies, and will have to be carefully evaluated in future clinical
trials in order to assure the best study design to demonstrate both safety and efficacy. In this
regard, sphingolipidoses are challenging because validated biomarkers only exist for a few
of these diseases. However, the emerging convergence of mechanisms between the
sphingolipidoses and the HSP-system provide an opportunity to develop new biomarkers for
assessing responses to drug therapy (86).

Our study suggests that HSP-based strategies may have therapeutic potential for treating
sphingolipidoses. In particular, we demonstrate that rHSP70 and arimoclomol present two
attractive clinical candidates for treating the neurological symptoms of sphingolipidoses
including NPC with arimoclomol currently entering a phase I1/111 clinical trial in NPC
patients (clinicaltrials.gov identifier: NCT02612129).

Materials and Methods

Study Design

The design of this study aimed to address whether the mechanism of HSP70-based
lysosomal functional improvement, which we have previously published, could be extended
to encompass several different sphingolipidoses. The study further sought to address critical
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components of translational drug development for a recombinant protein such as safety,
distribution, CNS penetrance and efficacy. Finally, the study asked whether the same
benefits observed with recombinant HSP70 could be achieved with arimoclomol, a clinically
well-tolerated, orally available small molecule HSP-amplifier. We studied the effects of
rHSP70 and arimoclomol in several different /n vitro, ex situand /n vivo models including
well-characterized animal models of several sphingolipidoses..

Initial studies included assessment of protein/lipid-interactions in lipid membrane bilayers
followed by testing of biological activity in primary cells from patients suffering from
different sphingolipidoses. We then analyzed the pharmacological properties of rHSP70
through /n vitroand in vivo safety, pharmacokinetic (PK) and distribution studies. Efficacy
was tested /n vitro and in vivo in three independent mouse models of sphingolipidoses:
Fabry disease, Sandhoff disease and Niemann-Pick type C disease.

Arimoclomol was tested /n vitroand in vivo in two independent mouse colonies modeling
Niemann-Pick type C disease. Powering of the studies was based on previous publications of
variance in measurements in the Jjn vitroand in vivo studies and a characterization study
performed on the second independent colony of NPC mice prior to dose-range finding
experiments. All in vitro experiments were repeated in at least three independent cultures.
For /n vivo studies, mice were assigned randomly in all studies and handled according to
national and institutional Animal Care and Use Committee guidelines. /n vivo efficacy
experiments were conducted blind to treatment. Figure legends include details of replicate
experiments used to generate data sets.

Lysosomal storage disease fibroblasts (GM02769, GM00881, GM02921, GM06806,
GM04372, GM10915, GM00197, GM02093B, GM17918, GM18453, GM18414) and
control fibroblasts (GM02770, GM02922, GM06808, GM00200, GM05659) were obtained
from the Coriell Cell Repository. NPD type A primary fibroblast B534 R496L was a gift
from Prof. E. Schuchman. Farber disease primary fibroblasts 89/78 and 89/73 were a gift
from Prof. K. Sandhoff. All cells were grown at 37 °C with 5% CO, in DMEM with 12%
FCS, NEAA, 1% penicillin-streptomycin. Treatment with recombinant human his-tagged
HSP70 and measurement of lysosomal accumulation was performed as previously
described(6). For A2M competition experiments, cells were seeded in Nunc Lab-Tek 4-well
Chambered Coverglass. 24h later cells were given one out of the following three treatments:
Pretreatment with 142nM a, macroglobulin (SIGMA) on ice for 30min followed by 1.42uM
ap macroglobulin + 286nM rhHSP70-AF488 for 1h at 37°C. No pretreatment but also
30min on ice followed by 286nM rhHSP70-AF488 for 1h at 37°C or pretreatment with
100ug/mL a, macroglobulin on ice for 30min followed by 1.42uM a., macroglobulin for 1h
at 37°C (negative control). Media was removed and PBS (+/+) with 3% FBS was added.
Eight pictures were taken per condition and area of green fluorescence (HSP70-488 uptake)
per cell number was calculated. A minimum of 100 cells was measured per repetition of the
experiment.
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Recombinant HSP70

Recombinant HSP70 was manufactured as described previously(6), with protocols for GLP-
and GMP-production amended to meet the requirements to large-scale manufacture. All
batches were produced and controlled according to regulatory guidelines for biological
products with e.g. endotoxin concentrations <5SEU/mg.

Animal studies

All animal studies were approved by the UK Home Office for the conduct of regulated
procedures under license (Animal scientific Procedures Act, 1986) or conducted in strict
accordance with the National Institutes of Health guide for the Care and Use of Laboratory
Animals guidelines, was in accordance with Dutch law and approved by the Animal Care
and Use Committee of the University of Groningen, the Netherlands.

Liposome-bead assay

To prepare the liposomes different lipids were used: Sphingomyelin (1.4mM),
Phospatidylcholin (50mM), Cholesterol (2.6 mM) and Bis(monoacylglycero)phosphate
(6.31 mM). After evaporation of the solvent, the mixture was resuspended in 500 pl Tris/HCI
(2mM, pH 7.4), vortexed thoroughly for one minute, subjected to six freeze and thaw cycles
in liquid nitrogen and 37°C incubator and vortexed again for one minute. The suspension
was afterwards put through a polycarbonate-membrane using Mini Extruder (Avanti, polar
lipids inc.) for at least 20 times. The freshly made liposomes were mixed in a 1:1 ratio with
magnetic silica (MoBiTec) or silica beads (Bangs Laboratories) and incubated for one hour
at RT. Afterwards the beads were separated from the unbound liposomes using
centrifugation for 1 min at 12000g for silica beads or using the separator for magnetic silica
beads. The beads were washed with 0.5x PBS and resuspended in the same amount of 0.5x
PBS buffer as the 1:1 mixture of liposomes and beads. The resuspended beads were stored at
4°C.

The analyzed proteins were labeled with Alexa Flour 488 using the Microscale Protein
Labeling Kit (Life Technologies) according to the provided protocol. The labeled proteins
were diluted to reasonable numbers during Fluorescence detection (3000-10000 RI) using
100mM Acetate buffer solution (pH 4.5). HSP70 was stored in PBS buffer and diluted to
various concentrations used in the Assay in 200mM Acetate buffer solution (pH 4.5).

For the assay 10 pl of the labeled Protein dilution were mixed with 10 ul beads and 10 pl
Acetate buffer solution or HSP70 dilution, mixed carefully up and down with a pipette and
incubated protected from light for one hour at RT. Afterwards the beads were separated
carefully from the liquid phase using centrifugation in the tabletop centrifuge for 5 min at
12000g and RT for silica beads (Bangs Laboratories) or using the magnetic separator for
magnetic silica beads (MoBiTec). 25 ul of the liquid phase was mixed with 75 ul 2
mMTris/HCI pH 7.4 and transferred to a 96 well Plate for fluorescence measurement using
the PerkinElmer 2030 plate reader with light absorption at 480nm, emission at 520nm and
0.1-0.2s counting time. The equilibrium between protein bound to beads and protein in
solution was adjusted so approximately 2/3 of the protein was unbound (in solution) in the
absence of HSP70. Analysis of the decrease of protein in solution and the simultaneous
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increase in binding to the lipid beads in response to increasing rHSP70 was then performed.
In a typical experiment, the amount of protein in solution decreased by up to 30% at
increasing concentrations of rHSP70 while the protein bound to the beads increased up to
50%. The significance of the values obtained by this assay was in most cases high to very
high. For Quenching measurements 10 pl of the labeled Protein dilution alone and the
mixture of 10 pl labeled Protein dilution and 10 pl HSP70 dilution were mixed with 90 pl
and 80 pl 2 mMTris/HCI pH 7.4 respectively and transferred to a 96 well plate for
fluorescence measurements.

Bioanalysis of rHSP70, pharmacokinetics and distribution

The concentration of rHSP70 in plasma and tissues was measured by ELISA (ADI-EKS-715
or ADI-EKS-700B, Enzo Life Sciences) and autoradiography using a gamma counter
(Cobra I1) for studies of 1125-rHSP70.

The studies were performed in 54 outbred male mice from Taconic Europe A/S, Ejby,
Denmark. All animal studies were approved by Dyreforsggstilsynet (Denmark) and carried
out in accordance with the National Institutes of Health guide for the Care and Use of
Laboratory Animals guidelines. At start of the acclimatization period, the mice were 5 to 6
weeks old. An acclimatization period of at least 5 days was allowed in order to reject
animals in poor condition or at the extremes of the weight ranges. The animals were dosed
either /.V/ or /.2 with 1-50 mg/kg [12%1]-rHSP70 as stated in the figure text. Blood sampling
for toxicokinetic calculations was performed at the following time points: 5, 15, 30, 60, 120
and 360 min post-treatment. For distribution analysis, tissue samples were collected and
saline perfused. Samples were measured using a gamma counter (Cobra I1) as well as
bioanalysis (ELISA) according to the manufacturers instructions.

Toxicokinetic calculations

Mean plasma concentration profiles were subjected to non-compartmental pharmacokinetic
analysis using the PC-based software WinNonlin Professional Version 5.2.1 by Pharsight
Corporation, 321 E. Evelyn Av, 3rd FI, Mountain View, CA 94041-1530, USA. A non-
compartmental analysis using WinNonlin model 200 (extravascular bolus dose model) and
model 201 (intravenous bolus model) was performed.

After C(0) had been reached, concentrations below LLOQ were entered as half the value of
LLOQ (Y2 * LLOQ). Data points below LLOQ followed by another data point below LLOQ
were excluded from modelling and analysis.

Evaluation of rHSP70 pharmacokinetics in adult rat brain

Adult male Wistar rats (262-293g; Charles River, Salzfeld, Germany) were used for the
experiment. The experiment was conducted in strict accordance with the National Institutes
of Health guide for the Care and Use of Laboratory Animals guidelines, was in accordance
with Dutch law and approved by the Animal Care and Use Committee of the University of
Groningen, the Netherlands. Surgery, microdialysis probe implantation, femoral vein
cannulation and sampling was performed as previously described(108). rHSP70 (1.2mg/mL)
was administered intravenously by infusion through the femoral vein cannula at a rate of 1
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ml/kg/min. Bioanalysis of microdialysis samples was performed as described herein.Brain
homogenization and capillary spin-down was performed as previously described(46).
Bioanalysis of brain tissue samples was performed as described herein.

Blood-to-brain influx constant measurements

Recombinant HSP70 was labeled with tritium using the method described by Begley and
Chain(109) scaled down for small quantities of protein. Measurement and analysis of the
influx constant of [3H]JrHSP70 was performed as previously described(47) with the
following experimental regimen: Female C57B6 mice were used at 7-8 weeks of age. The
mice had free access to food and water and were maintained on a 12-hour dark/light cycle in
a room with controlled temperature (24 + 1 °C) and humidity (55 + 5%). Mice were
anesthetized with Avertin (20 ml/kg of 1.2% solution) before receiving an IV injection of
[3BH]JHSP70 (av. 20 mg/kg) or [3H]albumin (av. 16 mg/kg) into the jugular vein. At 1, 3, 5,
10, 15, 20, 30 and 60 minutes after the injection, mice were killed with an overdose of
Avertin. Blood was collected from the chest cavity following opening of the thorax and
heart, and the brain dissected into four main regions (right, left, mid-brain and cerebellum).
Following the centrifugation of blood samples, 50 pl plasma was added to 500 pl of
solubiliser SOLVABLE™ for 24h, 37°C. Tissues were weighed and also left to dissolve in
500 ul of solubiliser SOLVABLE™ for 24h, 37°C. At the end of this period, 4.5 ml of liquid
scinitillation cocktail Ultima Gold™ was added and the vials were counted in the
scintillation counter.

Antidrug antibody (ADA) assay

We developed an ELISA assay for the determination of a potentially neutralizing 1gG
response after administration of rHSP70 and used this to determine the presence of anti-
HSP70 in serum from rHSP70 treated and untreated mice. The primary anti-HSP70 antibody
was from Assays Design (1 mg/ml; Cat#C92F3A-5) and secondary HRP conjugated anti-
mouse IgG from Bethyl Laboratories (Goat x-mouse 1gG-FC HP conjugated, from Mouse
IgG ELISA quantitation set cat# E90-131, Lot# E90-131-27). The substrate was TMB One
Ready-to-use substrate (Kem-En-Tec diagnostic) and the coating buffer 0,05 M Carbonate-
Bicarbonate, pH 9,6. ELISA blocking buffer: 50 mM Tris + 0,14 M NaCl + 1 % BSA, pH
8,0

ELISA wash buffer: 50 mM Tris + 0,14 M NaCl + 0,05 % Tween 20, Sample/Conjugate
Diluent: 50 mM Tris + 0,14 M NaCl + 1 % BSA, 0,05 % Tween 20, ELISA Stop Solution: 1
M HCI. Briefly, plates were coated with 50puL diluted antigen (20pg/mL) for 60min at 25°C
or overnight at 4°C. The plates were then washed and blocked for 30min at 25°C. 50 uL
appropriately diluted samples and a reference standard antibody were then incubated for
60min at 25°C, the plates washed and substrate added. The reaction was stopped with 50uL
1M HCI and absorbance measured at 450nm. The concentration of antibody in the sample
was calculated based on the standard reference.

Npcl”’- mouse model

BALB/cNctr-NpcI™NJ (Jackson laboratory, Charles River, UK) mice (termed NPC17-
mice, also known as NPCMM mice) were maintained by heterozygote brother/sister mating
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and genotyped as previously described(110) {Loftus, 1997 #516}. Mice were group housed
in ventilated cages with irradiated food and bedding and autoclaved water available ad
Jibitum. Wildtype mice were NPC**generated from the same litters as the NPC17~ mice. All
animal studies were approved by the UK Home Office for the conduct of regulated
procedures under license (Animal scientific Procedures Act, 1986). Treatments: 3 week old
NPC17- mice were treated with recombinant human his-tagged HSP70 at 3mg/kg (NPC17- +
rHSP70, 7=6) of body weight or with PBS (NPC™~ control, 77=6). Mice were injected 3 times
per week /.2 Wildtype BALB/c mice (WT) were used as baseline controls (7=6). Mice were
killed at 54 days of age. For biochemical analysis, mice were killed by asphyxiation in rising
concentrations of CO, and perfused through the left cardiac ventricle with ice-cold
phosphate-buffered saline (PBS). Tissues were homogenized in ice cold PBS. For
immunofluorescence, mice were killed by asphyxiation in rising concentrations of CO, and
perfused through the left cardiac ventricle with ice-cold 4% paraformaldehyde (PFA). Brains
were removed whole and left overnight in 4% PFA before being transferred to 30% sucrose
in PBS at 4°C.

Immunofluorescence

Cryo-protected cerebellums were sectioned para-sagittally at 30pum and stored at -20°C in a
glycerol/ethylene glycol storage solution. Prior to staining, sections stored at -20°C were left
for 30’ at room temperature and were then washed three times in PBS. Sections were
incubated in wells overnight at 4°C with mouse anti-calbindin antibody (Swant cat no. 300)
made up in PBS with 0.5% Triton X100 and 2% normal goat serum. Secondary antibodies
(Dylite 594 anti-mouse) were made up in PBS with 0.5% Triton X100 and 2% normal goat
serum and were incubated for 2h at room temperature. Cholera toxin B subunit directly
conjugated to alexafluor488 (Invitrogen, Cat # C-34775) used at 1:500 in PBS with 0.5%
Triton X100 and 2% BSA.. Sections incubated overnight at 4°C. All washing steps were
performed three times in PBS. Sections were mounted onto Superfrost slides and allowed to
air dry overnight protected from light and dust before mounting in Mowiol. Images of
lobules 1V and VI (early and late degenerating lobules respectively) were obtained using a
Zeiss fluorescent microscope and Zeiss AxioVision camera and software. Measurements of
myelin area and length were performed with ImageJ software (Version 1.46r; NIH, USA).

Western Blotting

ELISA

Brain homogenates were stored with 1% IGEPAL-CA, 0.5% Sodium deoxycholate, 0.1%
SDS and 1% protease inhibitor cocktail (Sigma, cat no. P-8340). Samples were resolved
using 12% SDS-PAGE and transferred to nitrocellulose membrane (biorad) using semidry
transfer apparatus. MBP was probed with SMI-94 antibody (Cambridge bioscience) and B-
actin antibody (Sigma, a3854) and immunoreactivity was detected using Amersham ECL
substrate (GE Healthcare, RPN2232).

HSF1 (ADI-900-199 from Enzo) and HSP70 (ADI-EKS-700B from Enzo) ELISAs were
performed on 200 pg protein according to manufacturer’s instructions.
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Glycosphingolipid and cholesterol measurement

All GLS measurements were performed via U/HPLC analysis as previously described(111)

Cholesterol was extracted from the relevant tissues using a modified Folch extraction
method(112). Briefly, samples were adjusted to 0.5mg/ml protein content in ddH,O and
extracted in twenty volumes of 2:1 chloroform/methanol for 2 hours at room temperature.
Following extraction, 4 volumes of methanol were added and samples centrifuged to remove
insoluble material. To the retained supernatant, chloroform and water were added to achieve
a final ratio of 8:4:3 chloroform/methanol/water. Following centrifugation, the upper phase
was removed by pipetting and the lower phase washed three times with 3:48:47 chloroform/
methanol/water. Washed lower phase containing cholesterol was dried under N,. All
extraction steps were performed in borosilicate glass.

We quantified unesterified cholesterol with the Amplex Red Molecular Probes kit according
to the manufacturer's instructions. Briefly, extracted samples were resuspended in 1x
reaction buffer (supplied) at a concentration equivalent to 0.5mg/ml protein. 50ul of sample
was loaded into a 96 well plate in triplicate alongside a cholesterol reference standard
(Oug-20ug). For the reaction to measure free cholesterol, an equal volume of 1x reaction
buffer containing 150uM Amplex Red, 1 U/ml HRP, and 1 U/ml cholesterol oxidase was
added to the wells. The plate was then incubated for 30” at 37°C. Fluorescence was analysed
using a FLUOStar Optima plate reader (BMG Labtech, Ortenburg, Germany) excitation
560+10nm, emission 590+10nm.

For cell cultures, cholesterol was quantified with the Amplex Red Molecular Probes Kit as
described above and by preparing cultured fibroblast samples through harvest of cells in
ddH,0 and sonication at high intensity using a Diagenode Bioruptor.

Open field analysis

We performed open-field analysis as described previously(113). Briefly, mice were placed in
‘open field” for 5 minutes. Activity was recorded using the AMLogger with activity monitor
software AM1053 (Linton Instrumentation, England).

Manual rearing

Mice were placed in a large ‘open field’ cage box for 5 minutes. A side rear was recorded
when mice reared on hind legs using the side of the cage as support. A centre rear was
recorded when mice reared on hind legs un-aided. Rearings that were uncontrolled/the
mouse fell over were discounted.

Gait analysis

Gait analysis was performed using the Catwalk system (Noldus). Mice were filmed walking
three times across a backlit stage at weekly intervals. Footprint and stride measurements
from the longest continuous set of uninterrupted motion in each of the 3 walks were
assigned and analysed using the CatWalk XT software v9.1 (Noldus).
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Statistical analyses

All statistical analyses were performed with Graphpad Prism software (version 6.02). Two-
sample comparisons were performed using Student’s t-test, multiple comparisons were
analysed by one-way ANOVA followed by Dunnet’s multiple comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Increasing Hsp70 expression in lysosomes using the small molecule arimoclomol
ameliorates pathology in several animal models of sphingolipidoses.
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Editor’'s Summary: Heat Shock Protein to the Rescue

The sphingolipidoses constitute a major subgroup of lysosomal storage diseases, a class
of inherited metabolic disorders characterized by severe systemic and neurological
problems. Fewtherapeutic options exist for treating these disorders. Kirkegaard et al. now
demonstrate that increasing the expression of the molecular chaperone HSP70 through
administration of either recombinant human HSP70 or the clinically tested, orally
available small molecule arimoclomol, ameliorated disease manifestations, including
brain pathology, in several different animal models of sphingolipidoses.
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Figure 1. Effects of rHsp70 treatment in vitro
(A) Analysis of rHSP70’s effect on the lipid cofactor Bis(monoacyl)glycerophosphate

(BMP)-binding interactions of sphingolipid-catabolic enzymes (GLA, NEU1, ARSA,
GLB1, HEXA and HEXB). Data points and association curves (non-linear regression,
assuming one-phase association) are depicted on all graphs for rHSP70 except for HEXB
(no curve-fit). For GLA, NEU1 and ARSA the effect of the Trp90Phe point mutation in
HSP70 (W90F) lacking the capacity to interact with BMP was also analysed. Only for
NEUL1 could a one-phase association curve be fitted. For ARSA and GLA the signal was too
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weak to establish any meaningful regression (linear regression shown as a guide). (B)
Quantification of lysosomal area in confocal cross sections of primary fibroblasts from
patients with different lysosomal storage diseases, either sham-treated (Vehicle) or treated
for 24h with 300nM rHSP70. The representative microscopic images on the right show the
effect of 24h rHSP70 (green) treatment on the volume of the lysosomal compartment (red)
in fibroblasts from a patient with Farber disease. White dotted lines indicate the positions of
cells with endocytosed rHSP70. Scale bar 50um. (C) Quantification of lysosomal area of
confocal cross sections of primary patient fibroblasts from patients with Niemann-Pick type
C disease, either sham-treated (Vehicle) or treated for 24h with 300nM rHSP70. (D)
Quantification of lysosomal area of confocal cross sections of primary patient fibroblasts
from two Niemann-Pick type A patients treated with 300nM of the indicated recombinant
proteins for 24h. (A) The individual values represent the mean of three independent
experiments, A< 0.05. (B-D) All values represent mean + S.D. for a minimum of three
independent experiments. A minimum of 100 cells were analyzed for each independent
experiment £< 0.05. Two-sample comparisons were performed by employing Student’s t-
test, multiple comparisons were analysed by one-way ANOVA followed by Dunnet’s
multiple comparison test. BMP: Bis(monoacyl)glycerophosphate, GLA: alpha-Galactosidase
A, NEU1: Neuraminidase 1, ARSA: Arylsulfatase, GLB1: beta-galactosidase, HEXA:
Hexosaminidase A, HEXB: Hexosaminidase B
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Figure 2. Pharmacokinetics and distribution of rHSP70
(A) Quantification of lysosomal area in confocal cross sections from primary fibroblasts

from a Niemann-Pick type A patient (83/24), treated with 300nM rHSP70 for 24h followed
by a chase period of 1, 2, 3 or 6 days. Quantification of lysosomal area of confocal cross
sections from primary fibroblasts from two Niemann-Pick type A patients at the end of a
series of repeated exposures to 300nM rHSP70 for 24h once weekly for 5 weeks total P<
0.01. Two-sample comparisons were performed by employing Student’s t-test, (B) Dose
dependence of tissue distribution after administration of 1, 10 or 50 mg/kg [*2°1]-rHSP70 for
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15min (1.V.) or 60 min (/.£), n=3 per dose, values represent mean = S.D. (C) Time
dependence of tissue distribution after intraperitoneal administration of 10 mg/kg [12°I]-
rHSP70, n=3 per timepoint, values represent mean + S.D. (D) Analysis of the effect of the
LRP-1 ligand alpha-2-macroglobulin (A2M) on the receptor-mediated uptake of rHSP70. P
< 0.05. Two-sample comparisons were performed by employing Student’s t-test, (E)
Quantification of lysosomal area of confocal cross sections from primary fibroblasts from
two NPDA patients, either treated with 300nM A2M or rHSP70 for 24h. (F) The effect of 10
mg/kg intravenously administered rHSP70 on free HSP70 levels in the striatum of adult
male Wistar rat brains. rHSP70 was infused from t=0; n=4, values represent mean * S.D.
(G) Amount of rHSP70 in adult male Wistar rat brain following i.v. administration of 10
mg/kg rHSP70 for 120 min followed by saline perfusion and capillary spin-down; n=6 for
rHSP70 treated, n=1 for saline infusion control. Box and whisker plot depicts minimum to
maximum. (H) Immunohistochemical analysis of cortical sections from AjpcZ’~ mice
administered PBS (Control) or rHSP70 (3mg/kg, /.P, 3x/week) for 4 weeks. Scale
bar=25uM (1) Patlak plots (multiple time regression analysis) of the volume of distribution
for i.v. injected 20mg/kg [3H]-albumin or [3H]-rHSP70 against the plasma area under the
curve in either whole brain (left graph) or cerebellum, midbrain or left and right hemispheres
(right graph), n=4-7 mice per timepoint.
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Figure 3. rHSP70 efficacy in the Gla”" mouse model of Fabry disease
(A,B) Quantification of globotriaosylceramide (Gb3) extracted from kidney (A) and heart

(b) of wildtype (WT), vehicle (PBS) control (G/a”, ctrl)- or rHSP70-treated (Gla”",
rHSP70) mice at 17 weeks of age.. (C, D) Analysis of the glycosphingolipid (GSL) storage
profile of dorsal root ganglia from G/a”~ mice by thin-layer chromatography (TLC) (C) and
high-pressure liquid chromatography (HPLC) (D). (E-F) Quantification of
glycosphingolipid species extracted from dorsal root ganglia of wildtype (WT), vehicle
(PBS) control (G/a”-, ctrl) or rHSP70-treated (G/a”~, rHSP70) mice at week 12. G/a” mice
were treated with 5mg/kg rHSP70 or vehicle (PBS) control, I.P., 3x/week from week 3 (after
weaning) until euthanasia at 12 weeks of age. Values represent mean + SEM.; n=4-6 for WT,
n=5-8 for control G/a”- mice, n=8 for rHSP70-treated G/a”'mice. < 0.05. Two-sample
comparisons were performed by employing Student’s t-test, multiple comparisons were
analysed by one-way ANOVA followed by Dunnet’s multiple comparison test.
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Figure 4. rHSP70 efficacy in the HexB™~ mouse model of Sandhoff disease

(A) Quantification of glycosphingolipids (GSL) in the brain and liver of WT control, Hext™”-
untreated and Hexb”" mice treated with human rHSP70. 2< 0.001. Two-sample
comparisons were performed by employing Student’s t-test; multiple comparisons were
analysed by one-way ANOVA followed by Dunnet’s multiple comparison test. (B)
Automated gait analysis by Noldus Catwalk XT system of wildtype (WT), vehicle (PBS)
control (Hexb™, ctrl) and rHSP70-treated (Hext”-, rHSP70) mice at 12 weeks of age. (C)
Kaplan-Meier survival curves of control and rHSP70-treated Hext” mice. £< 0.01. Two-
sample comparisons were performed by employing Student’s t-test. (D) Assay of antidrug
antibody (ADA) response. Hexb” mice were treated with 5mg/kg rHSP70 or vehicle (PBS)
control, 1.P., 3x/week from week 3 (after weaning) until euthanasia at week 12 (biochemical
analysis) or until reaching the predefined humane endpoint for survival defined as inability
to right themselves when laid on the side. Values represent mean £ SEM. n=10 for
behavioral analysis, n=>5 for biochemistry, n=5 for survival.
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Figure 5. rHSP70 efficacy in the Npcl'/' mouse model of Niemann-Pick type C disease

(A) Glycosphingolipid (GSL) species and unesterified cholesterol extracted from brains,
kidney and liver of wildtype (WT), vehicle (PBS) control (MpcI™, ctrl) and rHSP70-treated
(Npc1”-, rtHSP70) ApcI”~ mice at postnatal day 54 (P54). ApcZ”mice were treated with
3mg/kg rHSP70 or vehicle (PBS) control, I.P., 3x/week from P21 to P53. Values represent
mean + SEM; n=5 for WT and AjpcZ”-, n=6 for rHSP70-treated. £ < 0.05. Two-sample
comparisons were performed by employing Student’s t-test; multiple comparisons were
analysed by one-way ANOVA followed by Dunnet’s multiple comparison test.(B)
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Representative images and quantifications of cerebellar sections of wildtype (WT), vehicle
(PBS) control (Mpc17-, ctrl) or rHSP70-treated (AjpcI”", rtHSP70) Njpcl”- mice at P54
showing Purkinje cells labeled with calbindin (red) and white matter/myelin labeled with
cholera toxin (ChTx, green). Image quantification of myelin content normalized to lobular
area is presented in the graph to the right, wildtype (WT), C (Control, PBS-treated), rHSP70
(rHSP70-treated). n=5-6; values represent mean £ S.D. (C) Western blot and densitometric
quantification of cerebellar Myelin Basic Protein (MBP) expression relative to WT
expression normalized to B-actin. n=4 for WT, n=5 for AjpcZ” control and n=6 for rHSP70-
treated NjpcI” mice. Values represent mean + SEM. (D) Automated open field analysis
(Amlogger system) of behavior of wildtype (WT, control), vehicle (PBS) control (Mpc1”",
ctrl) or rHSP70-treated (AjpcI™”~, rHSP70) NjpcI” mice at postnatal day 47 to 51 (P47-51).
Npc1”- mice were treated with 3mg/kg rHSP70 or vehicle (PBS) control, I.P., 3x/week from
P21, n=6, values represent mean + SEM. P< 0.05. Two-sample comparisons were
performed by employing Student’s t-test. (E) Quantification of automated gait analysis
(Noldus Catwalk XT system) of wildtype (WT, control), vehicle (PBS) control (ApcI™, ctrl)
or rHSP70-treated (ApcZ”-, tHSP70) ApcI”- mice at P49-52. AjpcI”~ mice were treated with
3mg/kg rHSP70 or vehicle (PBS) control, I.P., 3x/week from P21, n=3 for WT, n=5 for Ctrl
and n=6 for rHSP70-treated. Values represent mean + SEM. P< 0.05 for all measurements
except step cycle (front), ~=0.089 and Support (three) P=0.08. Two-sample comparisons
were performed by employing Student’s t-test (F) SHIRPA analysis of behavioral and
neurological manifestations of disease in wildtype (WT, control), vehicle (PBS) control
(Npc17-, ctrl) or rHSP70-treated (Ajpc™~, rHSP70) NjpcI” mice at 7 weeks of age. Apcl”
mice were treated with 3mg/kg rHSP70 or vehicle (PBS) control, I.P., 3x/week from P21,
n=10 for all groups.
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Figure 6. Arimoclomol treatment and its effects on lysosomal storage and neurological symptoms
in the Npcl'/' mouse model of Niemann-Pick type C disease

(A) Analysis of lysosomal accumulation (left) and storage of unesterified cholesterol (right)
in primary fibroblasts from NPC patients with the 11061T/11061T haplotype treated with
increasing doses of arimoclomol for 24h. < 0.01, P< 0.05, respectively. Data were
analysed by one-way ANOVA followed by Dunnet’s multiple comparison test.. (B)
Quantification of automated gait analysis for arimoclomol-treated AjpcZ” mice over a
1-30mg/kg dose-range. Mice were administered different concentrations of arimoclomol
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daily in drinking water from 3 weeks of age until analysis at 7 weeks of age, values
represent mean = SEM P< 0.05. Two-sample comparisons were performed by employing
Student’s t-test; multiple comparisons were analysed by one-way ANOVA followed by
Dunnet’s multiple comparison test. (C) Analysis of activated HSF1 (pSer326 HSF1) by
ELISA in brains and livers of wildtype (WT), control (AjpcZ7-, control) or arimoclomol-
treated (AjpcI™”-, Ari 10) AjpcI” mice at 7 weeks of age. MpcZ”~ mice were treated with
10mg/kg arimoclomol daily in drinking water or sham (water alone) control from three to
seven weeks of age, n=16-18 per group. P-values denote NPC control vs WT and NPC Avri
10 vs NPC control, respectively. Bars represent average +/- SD P< 0.01 for brain. Two-
sample comparisons were performed by employing Student’s t-test. (D) Analysis of Hsp70
by ELISA in brains and livers of wildtype (WT), control (AjpcI”-, control) or arimoclomol-
treated (MpcI”-, Ari 10) NpcI”- mice at 7 weeks of age. AjpcZ”~ mice were treated with
10mg/kg arimoclomol daily in drinking water or sham (water only) as control from three to
seven weeks of age, N=16-18 per group. P values denote NPC control vs WT and NPC Ari
10 vs NPC control, respectively. Bars represent average +/- SD P< 0.01 for brain. Two-
sample comparisons were performed by employing Student’s t-test. (E) Quantification of
automated gait analysis of wildtype (WT), control (Mpc17-, ctrl) or arimoclomol-treated
(Npc17-, arimoclomol) Ajpc2”- mice at 7 weeks of age. NjpcI” mice were treated with
10mg/kg arimoclomol daily in drinking water from three to seven weeks of age or sham
(water only) control. Values represent mean + SEM, n=10 per group. A< 0.01. Two-sample
comparisons were performed by employing Student’s t-test. (F) SHIRPA analysis of
behavioral and neurological manifestations of disease in wildtype (WT), control (Npc1”",
ctrl) or arimoclomol-treated (AjpcI™”, ari 10) Npc1”~ mice at 7 weeks of age. AjpcI” mice
were treated with 10mg/kg arimoclomol daily in drinking water or sham (water only) control
from three to ten weeks of age, n=10 per group.
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Blood-brain barrier measurements in different regions of mouse brain

Table 1

Kin (ml/g/min) Vi (ul/mg)
Brain region [BH]-rHSP70 | [*H]-albumin | [®H]-rHSP70 | [3H]-albumin
Whole brain 3.0x10° 8.8x10°° 0.0178 0.0219
Right & left hemispheres 2.8x10°° 9.3x10°® 0.0174 0.0190
Cerebellum 2.9x10° 1.0x106 0.0225 0.0248
Midbrain 3.9x10° 1.1x10° 0.0174 0.0213
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The blood-to-brain influx constant (Kjn) and volume of distribution (Vj) values of [3H]—rHSP70 and [3H]—albumin for different brain regions after

£.v. injection in mice, Kjp and Vj values were calculated from the slope and y-intercept in figure 2E.
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