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ABSTRACT 36 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are now widely considered to 37 

be part of a disease spectrum with the identification of common pathological features and genetic 38 

causes. However, despite these advances, there remains no effective therapy for these conditions. In 39 

this study we demonstrate that mice expressing mutant valosin containing protein (VCP) develop an 40 

ALS/FTD-like phenotype in the spinal cord and brain, and treatment with arimoclomol, a 41 

pharmacological amplifier of the cytoprotective heat shock response ameliorates this phenotype. 42 

Moreover, the beneficial effects of arimoclomol are seen in both fibroblasts and iPSC-derived motor 43 

neurons from patients. Importantly, we show the pathological changes targeted by arimoclomol in our 44 

experimental models are present in post-mortem FTD patient tissue. Together with previous data 45 

demonstrating the efficacy of arimoclomol in SOD1-ALS models, our findings suggest that 46 

arimoclomol may have therapeutic potential not only in non-SOD1 ALS but also for the treatment of 47 

FTD.  48 

 49 

Abbreviations:  50 

ALS =Amyotrophic lateral sclerosis, EDL = Extensor digitorum longus, FTD = Frontotemporal dementia, FMRP 51 

= Fragile X mental retardation protein, FUS = Fused in Sarcoma, G3BP = Ras-GAP SH3 domain binding protein, 52 

GFAP = Glial fibrillary acid protein, HSF-1 = Heat shock factor-1, HSP = Heat shock protein, HSP70 = Heat 53 

shock protein 70, HSR = Heat shock response, IBMPFD = Inclusion body myopathy with Paget’s disease and 54 

Frontotemporal dementia, iPSC = induced pluripotent stem cell, LC3 = Microtubule-associated protein 1A/1B-55 

light chain 3, MAPT = microtubule -associated protein tau, MN = Motor neuron, MSP = Multisystem 56 

proteinopathy, mVCP = mutant valosin containing protein, PD = Paget’s disease, SBMA = Spinal and bulbar 57 

muscular atrophy, SOD = Superoxide dismutase, TDP-43 = TAR DNA binding protein 43, UPS = Ubiquitin-58 

proteasome system, VCP = Valosin containing protein, wtVCP= wildtype human valosin containing protein, WT 59 

= Wildtype 60 
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INTRODUCTION 74 

Although Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD) have been 75 

traditionally categorised as distinct neurodegenerative disorders, it is now widely accepted that they 76 

form part of a degenerative disease continuum1, with overlapping genetic, clinical and pathological 77 

features. A major genetic link between familial ALS and FTD was identified with the discovery of the 78 

GGGGCC pathogenic repeat expansions in the C9orf72 gene, which accounts for approximately 25% 79 

of familial FTD and 40% of familial ALS cases 2, 3. Other, less frequently occurring mutations including 80 

those in TARDBP, SQSTM1 and VCP genes 4 have also been identified, although the precise 81 

mechanism underlying the resulting pathology has yet to be fully determined for any of these 82 

mutations. 83 

 84 

Mutations in the Valosin Containing Protein (VCP/p97) gene on chromosome 9p13-p12 are 85 

associated with both familial FTD (<1%) and familial ALS (1-2%) 5, 6. Expression of mutant VCP leads 86 

to a multisystem inherited pleiotropic disorder that can affect muscle, bone, and the nervous system, 87 

now referred to as multisystem proteinopathy (MSP), but previously referred to by the acronym 88 

IBMPFD (Inclusion Body Myopathy (IBM) with Paget’s disease of bone (PDB) and FTD). Patients with 89 

MSP present with a combination of clinical and pathological symptoms that includes ALS as well as 90 

FTD, the muscle disorder, IBM and PDB. Whilst ALS, FTD and IBM pathology are distinct in each 91 

tissue and can exist independently, they share common pathological hallmarks which are indicative 92 

of protein dyshomeostasis, with the presence of ubiquitin-positive inclusion bodies, p62 aggregation 93 

and mislocalisation of the RNA-binding protein, TDP-43, observed in all three disorders 7, 8. 94 

 95 

VCP is a ubiquitously expressed protein which forms a monohexamer containing three main domains: 96 

The N domain, mainly associated with substrate binding, the D1 domain for oligomerisation and ATP 97 

hydrolysis and the D2 domain which also undertakes ATPase activity 9. VCP associates with a large 98 

range of co-factors to bring about diverse cellular functions ranging from progression of the cell cycle 99 

to membrane fusion 9. As a segregase, powered by ATP hydrolysis, VCP extracts and unfolds 100 

substrate proteins ubiquitinated for degradation. VCP is also linked to maturation of autophagosomes 101 

which are crucial for autophagy to take place 10. This protein is therefore heavily involved in the two 102 

major protein degradation mechanisms of the cell: autophagy and the ubiquitin-proteasome system 103 

(UPS) 11, 12. It therefore follows that mutations in VCP may alter cellular protein homeostasis by 104 

dysregulating these important housekeeping systems. This in turn is likely to increase the aberrant 105 

protein load in a cell leading to proteinaceous aggregate formation, potentially accounting for the 106 

degenerative pathology seen in the spinal cord, brain and muscle of MSP patients with mutant VCP 107 

and linking protein dyshomeostasis as a pathomechanism in other ALS/FTD cases.  108 

 109 



Restoration of protein homeostasis is therefore a potential therapeutic approach to ameliorate 110 

pathology in MSP and ALS/FTD. In this study, we examined the possibility that targeting the 111 

endogenous protein handling mechanism known as the Heat Shock Response (HSR) may be a 112 

successful strategy to restore protein homeostasis in MSP and ALS/FTD. The HSR is a ubiquitous, 113 

cytoprotective signalling pathway that is triggered under conditions of acute or chronic stress, leading 114 

to activation of the transcription factor Heat Shock Factor 1 (HSF-1) 13, and subsequent upregulation 115 

of the family of molecular chaperones know as heat shock proteins (HSPs). HSPs sequester 116 

hydrophobic regions of misfolded proteins to prevent protein-protein interaction and subsequent 117 

aggregation. HSPs are also involved in regulating lysosomal function and autophagy by delivering 118 

aberrant proteins to the surface of lysosomes and enabling autophagic degradation 14. Indeed HSF-1 119 

itself has been shown to regulate autophagy in the cell, such as by altering SQSTM1/p62 120 

phosphorylation and at the transcriptional level by upregulating Atg genes required for autophagy 15, 121 

16. In addition, HSP70, a major player in the chaperone system has been shown to stabilise lysosomal 122 

integrity 17-19. Therefore, upregulation of HSPs expression in protein-misfolding diseases such as MSP 123 

and ALS/FTD may be an effective approach to restore the proteostasis impaired by aberrant proteins 124 

and improve cellular health.  125 

 126 

We have previously tested the potential therapeutic effects of augmenting the HSR using a 127 

pharmacological amplifier of called arimoclomol. Treatment with arimoclomol improved both 128 

neuropathological and functional deficits in mouse models of two motor neuron diseases - the 129 

SOD1G93A mouse model of ALS 20-22, and in the AR100 mouse model of Spinal and Bulbar Muscular 130 

Atrophy (SBMA) 23. Arimoclomol acts like a smart-drug, prolonging the activation of HSF-1, but only 131 

in cells in which the HSR has already been activated in response to stress 20, 24, 25. The unique ability 132 

of arimoclomol to amplify rather than activate the HSR, makes it a particularly attractive therapeutic 133 

compound as it avoids the off-target side effects of widespread, non-specific activation of the HSR in 134 

multiple cell types, including those not affected in disease and not under stress; this is a major 135 

drawback of other approaches to upregulate the HSR.  136 

 137 

Furthermore, we have also shown that treatment with arimoclomol ameliorates skeletal muscle 138 

pathology in models of IBM, including in mice expressing humanised VCP with the dominant mutation 139 

A232E (mVCP), which manifest the characteristic pathological features of IBM 26, 27. Treatment of 140 

mVCP mice with arimoclomol not only reduced protein aggregation in muscle fibres of mVCP mice, 141 

but also reduced TDP-43 mislocalisation, myofibre atrophy and degeneration. Importantly, these 142 

improvements in IBM-like pathology in muscles of mVCP mice were reflected by significant 143 

improvements in muscle function, including increased force generation. These beneficial effects of 144 

arimoclomol in mVCP mice are likely to result, at least in part, from an increase in the expression of 145 

HSPs, as a two-fold increase in the expression of HSP70 was observed in muscles of treated mVCP 146 



mice compared to that of untreated mVCP mice 27. These findings were instrumental in advancing 147 

arimoclomol to a randomized, double-blinded, and placebo-controlled, proof-of-concept trial for the 148 

treatment of sporadic IBM, which concluded that arimoclomol was safe and well tolerated in patients, 149 

with exploratory efficacy data showing trends towards improvement in physical function and muscle 150 

strength in the arimoclomol treated group 27. A phase 2/3 efficacy study of arimoclomol for the 151 

treatment of sporadic IBM is currently ongoing (ClinicalTrials.gov Identifier: NCT02753530). 152 

Furthermore, a double-blind, placebo-controlled safety and tolerability trial of arimoclomol in patients 153 

with rapidly progressive SOD1 ALS (which also recorded preliminary efficacy data) showed that 154 

arimoclomol is safe and well-tolerated and although not powered for therapeutic effect, the results of 155 

the efficacy outcome measures suggested a possible therapeutic benefit of arimoclomol28. Additional 156 

clinical and preclinical studies have demonstrated that arimoclomol crosses the blood brain barrier 157 

and is well tolerated 29-31.  Based on these findings, a Phase 3, Randomised, Placebo-Controlled trial 158 

of arimoclomol in ALS is currently underway (ClinicalTrials.gov Identifier: NCT03491462). 159 

 160 

Since mVCP mice have been reported to also display spinal cord and brain pathology which is similar 161 

to that observed in MSP, and which reflects ALS and FTD 26, respectively, in this study we examined 162 

the potential beneficial effects of arimoclomol on the ALS pathology and FTD pathology that is present 163 

in these mice. We observed a significant improvement in the pathology present in both the spinal cord 164 

and brain of mVCP mice following treatment with arimoclomol. Furthermore, we also examined the 165 

effect of augmenting the HSR by arimoclomol treatment in human cellular models, including mutant 166 

VCP patient fibroblasts and iPSC-derived motor neurons, and found that arimoclomol rescues key 167 

degenerative features in these mVCP patient cells in vitro. Importantly, the pathological features that 168 

were improved by arimoclomol in mVCP mice and VCP patient cells were also found to be present in 169 

in post-mortem brain tissue from patients with FTD, confirming the relevance of the findings in our 170 

experimental models. These results provide further evidence that amplification of the HSR by 171 

treatment with arimoclomol may be a beneficial therapy for both non-SOD1 ALS as well as FTD.  172 

 173 

 174 

MATERIALS AND METHODS 175 

 176 

Breeding and maintenance of mutant VCP mice 177 

All experimental work was carried out under licence from the UK Home Office (Scientific Procedures 178 

Act 1986) and was approved by the Animal Welfare and Ethical Review Board of UCL Institute of 179 

Neurology. Transgenic mice overexpressing the wild-type or mutant  (A232E) human VCP gene under 180 

the cytomegalovirus  (CMV)-enhanced chicken beta-actin  (Custer et al. 2010) were generated at St 181 

Jude Children’s Research Hospital, Memphis, TN, USA and a colony established and maintained at 182 

UCL, UK. These mice had been repeatedly backcrossed to C57-Black-6 mice. The colony was 183 



increased by breeding transgenic VCP female mice to C57-Black-6 wildtype males. Only male 184 

offspring were used in this study to prevent gender differences. Offspring were genotyped by standard 185 

PCR and gel electrophoresis protocols. 186 

All mice used in this study were housed in a temperature and humidity-controlled environment 187 

maintained on a 12-h light/dark cycle. Food and water were provided ad libitum. In these experiments, 188 

wildtype VCP (wtVCP) mice were used as a transgenic control for the mutant VCP (mVCP) mice. 189 

 190 

Arimoclomol treatment regime 191 

Wildtype and mutant VCP mice were treated with either arimoclomol (obtained from Orphazyme A/S.) 192 

or vehicle (water). Following genotyping, mice were randomly divided into the following treatment 193 

groups: (i) Non-transgenic wildtype mice treated with water alone (WT) (ii) Transgenic wildtype mice 194 

treated with water alone (wtVCP) (iii) A232E mutant VCP mice with water alone (mVCP) (iv) A232E 195 

mutant mice treated with arimoclomol (mVCP+A) and (v) Transgenic wildtype mice treated with 196 

arimoclomol. Mice were weighed fortnightly to adjust arimoclomol dosage at 120mg/kg. Arimoclomol 197 

was diluted in drinking water and mice were treated from 4 months of age (start of symptomatic stage) 198 

to time of examination at 14 months. All experiments were undertaken blinded to genotype and 199 

treatment. 200 

 201 

Assessment of motor unit number 202 

For in vivo electrophysiology experiments, mice were deeply anesthetized with 1.5-2.0% isoflurane in 203 

oxygen delivered through a Fortec vaporizer (Vet Tech Solutions Ltd.). The distal tendon of the 204 

extensor digitorum longus (EDL) muscles in both hindlimbs were exposed and dissected free of other 205 

tendons before being attached by silk thread to isometric force transducers (Dynamometer UFI 206 

Devices, Welwyn Garden City, UK). The sciatic nerve was exposed and sectioned, and all branches 207 

were cut except for the deep peroneal nerve that innervates the EDL muscles. Isometric contractions 208 

were elicited by stimulating the sciatic nerve using square-wave pulses of 0.02-ms duration at 209 

supramaximal intensity, using silver wire electrodes. The number of motor units in the EDL muscles 210 

was assessed by stimulating the motor nerve with stimuli of increasing intensity, resulting in stepwise 211 

increments in twitch tension because of successive recruitment of motor axons. The resulting traces 212 

were counted to obtain total number of motor units. Force transducers were connected to a PicoScope 213 

3423 oscilloscope (Pico Technology) and subsequently analysed using PicoScope software v5.16.2 214 

(Pico Technology). All experiments were carried out at room temperature (23°C). n = 7 animals for 215 

the wtVCP + arimoclomol group. For all other experimental groups n= 10 or greater.  216 

 217 

Histochemistry  218 

For motor neuron counts, following administration of terminal anaesthesia (pentobarbitone injection) 219 

mice underwent transcardiac perfusion with 4% paraformaldehyde. The lumbar region of the spinal 220 



cord and the complete brain was removed and 20-μm transverse sections were cut.  For motoneuron 221 

survival sections were stained with gallocyanin (a Nissl stain). Motoneurons located within the sciatic 222 

motor pool, in which the nucleolus was visible, were counted in each ventral horn on every third section 223 

between L2 and L5 levels of the spinal cord. n = 5 animals per experimental group. 224 

 225 

For immunofluorescent labelling, frozen sections were blocked for 1 hour at room temperature in 226 

blocking solution (10% normal goat serum in PBS + 0.1% Triton X-100), followed by incubation with 227 

primary antibodies against the C-terminal of TDP-43 (ProteinTech 12892-1-AP Rabbit polyclonal 228 

1:400), ubiquitin (GeneTex GT7811 Mouse monoclonal 1:500), HSP70 (Santa Cruz, W27 Mouse 229 

monoclonal 1:100), GFAP-Cy3 (Sigma G-A-5 Mouse monoclonal 1:1000), β-III tubulin (Cambridge 230 

Bioscience 3525-100 Rabbit polyclonal 1:100 or Thermofisher 236-10501 mouse monoclonal 1:100), 231 

Tia1 (Abcam ab205063 Rabbit polyclonal 1:50), p62 (Abcam ab56416 Mouse monoclonal 1:200), LC3 232 

(Novus biologicals NB100 Rabbit polyclonal 1:500), for 1 hour at room temperature. Sections were 233 

washed in PBS and incubated for 2 hours at room temperature with the appropriate fluorescently 234 

labelled secondary antibodies. 4’, 6-Diamidino-2-Phenylindole (DAPI; Sigma) incubation to label 235 

nuclei or Fluoromyelin Red myelin stain (Thermo Fisher F34652 1:300) to label myelin was performed 236 

for up to 1 hour. Sudan black was applied to sections for 10 minutes to quench autofluorescence prior 237 

to coverslip mounting. Brain and spinal cord sections from three mice per experimental groups were 238 

assessed for each antibody tested and compared to negative controls run simultaneously.  239 

 240 

Fluorescent images were visualised under a Leica fluorescent microscope and analysed using Leica 241 

Application Suite software (Leica Microsystems, Germany).  242 

 243 

Assessment of motor neuron soma area  244 

Spinal cord sections (20µM thickness) from 3 animals per experimental group were stained with 245 

gallocyanine. 10 images of spinal cord regions L4 and L5 were taken at x20 magnification. Motor 246 

neurons from sciatic pool of left and right ventral horn in each section were drawn around to assess 247 

the total area of each cell using the Leica Application Suite software (Leica Microsystems, Germany).  248 

 249 

HSP70 intensity measurement  250 

HSP70-labelled immunofluorescent images of spinal cord sections from 3 animals per experimental 251 

group were taken using a Zeiss LSM 780 confocal microscope under the same microscope and 252 

imaging settings, at x40 magnification. Motor neurons were identified by expression of β-III tubulin as 253 

described above (labelled with Alexa fluor 568, red secondary antibody). Using Image J software each 254 

neuron was drawn around and the total cell fluorescent intensity (for HSP70 labelled with Alexa fluor 255 

488, green secondary antibody) per cell was measured, correcting for background fluorescence and 256 



cell area. An average of 50 cells per group were analysed from at least 5 different fields of view and 257 

the corrected mean intensities generated.  258 

 259 

Western blots 260 

Tissue samples and patient fibroblast cultures were homogenised in RIPA buffer (2% SDS, 2 mM 261 

EDTA, 2 mM EGTA in 5mM Tris, pH 6.8) and spun at 14,000 rpm for 15 minutes to pellet the cells. 262 

 263 

Protein concentration was determined using a colorimetric protein assay system according to 264 

manufacturer’s instructions (Bio-Rad Laboratories). Plates were incubated for 15 minutes at room 265 

temperature before absorbance was measured at 750 nm on a spectrophotometer. 266 

Homogenised samples in Laemmli sample buffer were loaded on acrylamide gels run at 160 V for 1 267 

hour. Proteins were transferred onto a nitrocellulose membrane (Amersham) by running at 90V for 70 268 

minutes. 269 

 270 

Blots were blocked in TBS+ 0.1% Tween 20+ 5% bovine serum albumin for 1 hour at room 271 

temperature before incubating overnight at 4°C with primary antibody anti-HSP70 (Santa Cru W27, 272 

Mouse monoclonal) at 1:1,000 dilution. Actin (Abcam ab8226 mouse monoclonal) or α-tubulin (Sigma 273 

Aldrich DM1A Mouse monoclonal) were used as loading controls. Membranes were washed in either 274 

PBS+ 0.1% TWEEN or TBS+ 0.1% TWEEN and then incubated in HRP-conjugated secondary 275 

antibodies (Dako, 1:1000; Thermo Scientific, 1:500) for 2 hours at room temperature. StrepTactin (Bio-276 

Rad; 1:10,000) was also added for visualisation of the protein ladder. Blots were visualised using 277 

Supersignal chemiluminescent HRP substrate (Thermo Scientific). Densitometry was analysed using 278 

ImageJ software (National Institutes of Health, Bethesda, MD, USA). Densities for the samples were 279 

normalized against densities of the loading control in each blot. 280 

 281 

VCP patient fibroblast culture 282 

Four VCP patient fibroblast lines and three age-matched healthy control lines were obtained from 283 

Professor Hanns Lochmüller at the MRC Centre Neuromuscular Biobank (Newcastle University). 284 

Patient samples were from 3 individuals with the VCP R155H mutation (mild pheonotype) and one 285 

patient with R93C mutation (severe phenotype). Collection of samples from patients and healthy 286 

individuals and their use in research have been ethically approved by the ‘Newcastle and North 287 

Tyneside 1 Research Ethics Committee’ with REC reference number 08/HO906/28 + 5 with signed 288 

written consent obtained from patients.  289 

 290 

Fibroblasts were grown in tissue culture flasks or 24 well plates in fibroblast media (10% fetal bovine 291 

serum and 2% PenStrep in Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX-I), which was 292 

changed every 2-3 days. Cells were sub-cultured upon reaching 90% confluence using standard sub-293 



culture and storage techniques. All cells used for experiments were used at passage 2-6 and 294 

maintained at 37°C with 5% CO2.  295 

 296 

Arimoclomol treatment of fibroblast cultures 297 

When cells reached ~60% confluency in 24-well plates, cultures were treated with 10-400μM 298 

arimoclomol directly into media for 24 hours. Control cells were left untreated. 299 

 300 

Fibroblast Immunocytochemistry 301 

Fibroblasts were cultured on glass coverslips in 24-well plates and upon reaching approximately 70% 302 

confluency, fixed with 4% paraformaldehyde (PFA). Following fixation, cells were incubated for 1 hour 303 

at room temperature with 10% normal goat/donkey serum in 0.1% PBS-Triton-X100 followed by 304 

overnight incubation at 4°C with primary antibodies: TDP-43 (ProteinTech 12892-1-AP Rabbit 305 

polyclonal 1:500), ubiquitin (GeneTex GT7811 Mouse monoclonal 1:500), p62 (Abcam ab56416 306 

Mouse monoclonal 1:100). Phalloidin Alexa Fluor™ 488 (Thermo Fisher; 1:200) was used to visualise 307 

actin cytoskeleton of fibroblasts. One-hour incubation with fluorescently labelled secondary antibodies 308 

goat/donkey anti-rabbit/ mouse Alexa568 or goat/donkey anti-rabbit/mouse Alexa488 (1:500; 309 

Invitrogen) followed. Nuclear marker DAPI (1:2000) was added for 15 mins before coverslips were 310 

mounted onto glass slides. Negative controls omitting primary antibodies were carried out in parallel 311 

for all experiments. 312 

 313 

Fluorescent images were visualised under a Leica DMR microscope and analysed using Leica 314 

Application Suite software (Leica Microsystems, Germany).  315 

 316 

TDP-43 nuclear intensity analysis 317 

To determine the nuclear intensity of TDP-43, fibroblasts were stained for TDP-43 and DAPI to outline 318 

the nuclear region of fibroblasts. A series of five images were taken at 20x magnification, from one 319 

coverslip for each control or patient cell line, using a Leica DMR microscope. The corrected total cell 320 

fluorescence (CTCF) was determined using ImageJ and calculated as follows: CTCF= Integrated 321 

density – (area x mean fluorescence of background readings). Approximately 400-500 nuclei were 322 

analysed in each of the control and patient cell lines. 323 

 324 

Disrupted nuclei count 325 

To assess the percentage of cells with morphological nuclear abnormalities, fibroblasts were stained 326 

with DAPI to outline the nuclear region of fibroblasts. A series of ten images were taken at 20x 327 

magnification, from one coverslip for each control or patient cell line, using a Leica DMR microscope. 328 

The number of cells with nuclear abnormalities were manually counted using ImageJ and the 329 

percentage of the total number of cell nuclei calculated. Counts in approximately 400-800 cells were 330 



undertaken in each of the control and patient cell lines. This was repeated in three separate 331 

experiments. All experiments were undertaken blind to experimental group. 332 

 333 

iPSC culture and motor neuron differentiation 334 

iPSC cultures represent four clonal lines from 3 VCP patients and four healthy controls.  iPSCs were 335 

maintained on Geltrex (Life Technologies) with Essential 8 Medium media (Life Technologies), and 336 

passaged using EDTA (Life Technologies, 0.5mM). All cell cultures were maintained at 37°C and 5% 337 

carbon dioxide. Motor neuron (MN) differentiation was carried out using a previously published 338 

protocol (Hall et al., 2017). Briefly, iPSCs were first differentiated to neuroepithelium by plating to 339 

100% confluency in chemically defined medium consisting of DMEM/F12 Glutamax, Neurobasal, 340 

LGlutamine, N2 supplement, non-essential amino acids, B27 supplement, β-mercaptoethanol (all from 341 

Life Technologies) and insulin (Sigma). Treatment with small molecules from day 0-7 was as follows: 342 

1µM Dorsomorphin (Sigma), 2µM SB431542 (Sigma), and 3 µM CHIR99021 (Sigma). At day 8, the 343 

neuroepithelial layer was enzymatically dissociated using dispase (GIBCO, 1 mg/ml), plated onto 344 

Geltrex coated plates and next patterned for 7 days with 0.5 µM retinoic acid and 1 µM 345 

Purmorphamine. At day 14 spinal cord MN precursors were treated with 0.1 µM Purmorphamine for 346 

a further 4 days before being terminally differentiated in 0.1 µM Compound E (Sigma) to promote cell 347 

cycle exit. Cells were treated with 50 µM arimoclomol 5 days after terminal differentiation and fixed 348 

with 4% PFA after a further 24 hours.  349 

 350 

The immunostaining protocols used for iPSC derived motor neurons were the same as that for 351 

fibroblasts. Additional antibodies used for iPSCs were HSP70 (Santa Cruz Mouse monoclonal 1:100) 352 

and β-III tubulin (TUJ1, Cambridge Bioscience 3526-100 Rabbit polyclonal 1:100). 353 

 354 

Post-mortem FTD tissue 355 

Post-mortem brain tissue was obtained from the Queen Square Brain Bank for Neurological disorders, 356 

UCL Institute of Neurology, Wakefield Street, London WC1N 1PJ. Frozen cortical sections and frozen 357 

tissue blocks were obtained from four patients with FTD subtypes and three healthy controls. See 358 

Supplementary Table 1 for further information. 359 

 360 

Statistical analysis  361 

All data are presented as mean ± SEM.  Analyses were performed using GraphPad Prism analysis 362 

software to determine the presence of statistically significant differences (p<0.05) using unpaired t-363 

tests or two-way analysis of variance (ANOVA) as appropriate.  For motor neuron counts, 364 

experimental groups were compared using ANOVA test with Tukey’s post hoc analysis. The 365 

investigator was blind to experimental conditions of each animal where possible and appropriate. 366 



For disrupted nuclei counts, experimental groups were compared using a two-way analysis of variance 367 

(ANOVA) with Tukey’s all pairwise multiple comparisons post hoc analysis. 368 

For TDP-43 nuclei intensity measurements, experimental groups were compared using a one-way 369 

analysis of variance (ANOVA) with Tukey’s all pairwise multiple comparisons post hoc analysis. 370 

 371 

RESULTS 372 

 373 

Arimoclomol improves the ALS-like phenotype of mVCP mice. 374 

We have previously reported that mice expressing the human transgene for mutant VCP (A232E) 375 

have significant muscle pathology and reduced muscle strength 27. As shown in Figure 1, 376 

electrophysiological analysis of mVCP mice at 14 months of age revealed that these mice also 377 

manifest significant motor deficits, reminiscent of ALS 20. Thus, compared to control mice expressing 378 

wild-type human VCP (wtVCP), there was a 26.5% (p=0.019, 1-way ANOVA) reduction in the number 379 

of motor units innervating the hindlimb extensor digitorum longus (EDL) muscle in mVCP mice (Fig. 380 

1A and 1B), decreasing from an average of 34 ± 1.5 motor units in wtVCP mice to 25 ± 2 in mVCP 381 

mice. The loss of functional motor units is the defining characteristic of ALS which accounts for the 382 

loss of innervation at the neuromuscular junction and the resulting muscle paralysis.  383 

 384 

Treatment of mVCP mice with 120mg/kg of arimoclomol daily in drinking water, from 4 months 385 

(symptom onset) to 14 months of age resulted in a complete prevention of motor unit loss in EDL 386 

muscles. In the arimoclomol-treated mVCP cohort, 35 ± 1.9 motor units innervated the EDL muscle 387 

(p=0.0017), which is similar to the number in both wtVCP mice (34 ± 1.5) and WT non-transgenic 388 

littermate controls (34.3 ± 0.9; set as 100%, Fig. 1B).  There was no significant difference in the 389 

number of EDL motor units between the two control groups wtVCP and non-transgenic WT littermates 390 

(2-way ANOVA). 391 

 392 

Following these acute physiological experiments, the spinal cord and brain were removed for 393 

histopathological analysis. Quantification of the number of motor neurons in the sciatic motor pool 394 

which innervate hind limb muscles, showed no significant difference in the number of motor neurons 395 

in wtVCP and non-transgenic WT controls, in which there were 725 ± 9 and 692 ±12 motor neurons, 396 

respectively. However, there was a significant drop in motor neuron survival in mVCP mice, in which 397 

only 494 ± 6 motor neurons survived; this represents a 32% reduction in motor neuron survival 398 

compared to wtVCP controls (p=0.0001, 2-way ANOVA; Fig. 1C and D).  399 

 400 



Treatment with arimoclomol significantly improved motor neuron survival in mVCP mice, and 612 ± 401 

18 motor neurons survived representing an improvement of 17% (p=0.029) when compared to 402 

untreated mVCP mice. Importantly, arimoclomol had no effect on motor neuron survival in wtVCP 403 

mice, so that 708 ± 24 motor neurons survived compared to 725 ± 9 in untreated wtVCP mice.  404 

Furthermore, in untreated mVCP mice, motor neurons which survived at 14 months, had an abnormal 405 

morphology, with small, compacted cell bodies, contrasting with the large polygonal shape of motor 406 

neurons observed in control animals (Fig. 1C). We therefore assessed the total soma area of motor 407 

neurons in the sciatic pool in each cohort of mice. As can be seen in Fig. 1E, there was a clear 408 

reduction in the mean soma size of the motor neurons that survived in mVCP mice compared to 409 

wtVCP controls. Size distribution analysis revealed that the reduction in mean motor neuron soma 410 

area in mVCP mice was predominantly due to the preferential loss of large, likely alpha motor neurons, 411 

and an increase in the proportion of smaller motor neurons (Fig. 1F). This shift in the size distribution 412 

of motor neuron soma size in mVCP mice was prevented in arimoclomol-treated mVCP mice, in which 413 

the motor neuron soma size distribution was similar to that observed in control mice (Fig. 1F).   414 

 415 

Aggregation of misfolded proteins in ubiquitin containing inclusions and cytoplasmic mislocalisation of 416 

the nuclear RNA-binding protein TDP-43 are key hallmarks of ALS pathology. We observed no 417 

ubiquitin pathology in the spinal cord of wtVCP transgenic or non-transgenic WT littermates. In 418 

contrast, ubiquitin-positive protein aggregates were observed in motor neurons of mVCP mice (Fig. 419 

2A). While immunostaining for cytoplasmic TDP-43 was almost undetectable in wtVCP tissue, a 420 

distinct increase in cytoplasmic TDP-43 was observed in motor neurons of mVCP mice (Fig. 2B). In 421 

contrast, in mVCP mice treated with arimoclomol, cytoplasmic TDP-43 mislocalisation and ubiquitin 422 

pathology was rarely observed, with immunostaining for ubiquitin and cytoplasmic TDP-43 similar to 423 

that seen in control animals (Fig. 2B). 424 

 425 

HSP70 levels from individual neurons in the spinal cord were quantified to better understand the HSR 426 

response in these cells. The pathological changes observed in the spinal cord of mVCP mice were 427 

associated with a 2-fold increase in the expression of HSP70 in motor neurons, compared to that in 428 

wtVCP control animals in which there was no pathology (Fig. 2C and 2D). Importantly, this indicates 429 

that the endogenous response to cell stress can and has been triggered in the mVCP motor neurons, 430 

although this was not sufficient to prevent the development of pathology. In mVCP mice treated with 431 

arimoclomol, an amplifier of the HSR, an even greater increase in HSP70 expression was observed, 432 

to approximately 3-fold that of controls (Fig. 2C and 2D). In addition, in arimoclomol-treated mVCP 433 

mice, GFAP-positive astroglia were also found to express increased levels of HSP70 in the spinal 434 

cord (Fig. 2E), which likely reflects an additional cytoprotective response to mVCP-induced stress.   435 

 436 



VCP is known to play an essential role in autophagy 10, and dysfunctional autophagy has been 437 

implicated in the pathogenesis of ALS and MSP. For example, MSP patients expressing mVCP show 438 

evidence of disrupted autophagy, with accumulation of the key autophagic markers p62 439 

(Sequestosome 1) and LC3 within myofibres 10, 32. We therefore examined the pattern of expression 440 

of these two autophagic markers in the spinal cord of mVCP mice. As can be seen in Figure 3, we 441 

observed an increase in p62 expression in both the white and grey matter of the spinal cord compared 442 

to control animals (Fig. 3A and B), with p62 aggregates clearly visible in motor neurons (Fig. 3B i- 443 

magnified inset). Co-labelling with fluoromyelin suggested that the intense p62 staining observed in 444 

mVCP spinal cord sections was associated with oligodendrocytes (Fig. 3A ii). Closer examination of 445 

the p62-positive oligodendrocytes revealed gross myelin disruption around axons, deviating from the 446 

classic ‘onion bulb’ structure of healthy myelin, suggestive of axonal and/or myelin degeneration (Fig. 447 

3B ii). This pattern of p62 expression was not observed in spinal cords from any control animals and 448 

was largely prevented in arimoclomol treated animals. 449 

 450 

We also examined the expression pattern of the autophagosome marker LC3. LC3 is recruited to the 451 

autophagosomal membrane during autophagy and later degraded in the autolysosomal lumen, and 452 

as such is routinely used as a marker of autophagic activity in cells 33, 34. In mVCP mice we observed 453 

a significant increase in the expression of LC3 in the spinal cord and in particular in oligodendrocytes 454 

associated with abnormal myelination. Together with the accumulation of p62, this provides further 455 

evidence of defective autophagy in these cells due to the presence of mutant VCP (Fig. 3C). 456 

Importantly, the accumulation of p62 and LC3 and abnormal myelination was significantly ameliorated 457 

in arimoclomol-treated mVCP mice (Fig. 3A iii and 3C iii). 458 

 459 

Arimoclomol improves the FTD-like phenotype in the brain of mVCP mice. 460 

A third of patients diagnosed with MSP caused by mutations in VCP develop FTD 7 and mutations in 461 

VCP cause <1% of all FTD cases 35. To determine the extent that this may be replicated in our mouse 462 

model, we next examined the brain of mVCP mice for FTD-like pathology.  463 

 464 

Similar to ALS and MSP, cytoplasmic mislocalisation of TDP-43 is a pathological characteristic of 465 

FTD, with mislocalised TDP-43 present in the brain of approximately 50% of FTD cases, and brain 466 

pathology often indistinguishable from that seen in patients with a mutation in the TARDBP gene itself 467 

7, 36. Cytoplasmic TDP-43 is often found either dispersed in the cytosol or within inclusion bodies, 468 

concomitant with its nuclear clearance 37, indicating that a loss of normal nuclear function as well as 469 

gain of toxic cytoplasmic function may play a role in disease pathogenesis 36. In this study we observed 470 

an increase in the number of cortical neurons with distinct cytoplasmic TDP-43 mislocalisation in 471 

mVCP mice compared to controls, with many neurons showing nuclear clearance of TDP-43 (Fig. 4A). 472 

In contrast, TDP-43 expression in the cortex of arimoclomol-treated mVCP mice was similar to control 473 



animals, as observed in the spinal cord, and no cytoplasmic mislocalisation associated with nuclear 474 

clearance of TDP-43 was apparent in the brains of the arimoclomol-treated group (n=3 mice, Fig. 4A). 475 

  476 

We next examined the expression of ubiquitin in the brain of mVCP mice. Similar to our findings in the 477 

spinal cord, in mVCP mice we observed ubiquitin-positive intracellular aggregates in the brain, 478 

although these were not limited to the cortex. No ubiquitin-positive aggregates were detected in control 479 

animals, or in mVCP mice treated with arimoclomol (Fig. 4B).  480 

 481 

Microtubule-associated protein tau (MAPT) is associated with a well-known genetic form of FTD and 482 

deposits of p-tau are often detected in post-mortem brain of dementia patients 38. We found 483 

extracellular deposits of phosphorylated tau (p-tau, AT8) in the brain of mVCP mice, which were not 484 

observed in WT control mice (Supplementary Fig. 1 A), and which may have formed through non-485 

specific aggregation of proteins. The tau deposits were often observed surrounded by Iba1-positive 486 

microglia or GFAP-positive astrocytes, suggesting an inflammatory response to the abnormal 487 

presence of p-tau (Supplementary Fig. 1 A). In contrast, in control and arimoclomol-treated mVCP 488 

mice, no tau-positive deposits were observed in any area of the brain assessed.  489 

 490 

While TDP-43 plays an important role in RNA metabolism, mislocalisation of this protein suggests that 491 

other RNA-associated proteins may also be affected in mVCP mice. Stress granule formation is a 492 

highly evolutionarily conserved cytoprotective mechanism to temporarily store stalled translation pre-493 

initiation complexes during episodes of cellular stress 39. We examined the expression of Tia1, an 494 

RNA-binding protein, known to be present in stress granules 40 in mouse brain tissue. We discovered 495 

that Tia1 co-localised with both TDP-43 and ubiquitin inclusions in the cytoplasm of mVCP brains 496 

suggesting the possible formation of non-specific protein aggregation (Fig. 4C). It has been 497 

demonstrated in vitro that TDP-43-containing granules in the cytoplasm may seed aggregation 498 

through RNA binding 41, 42. Furthermore, regenerating myofibres reportedly contain TDP-43 ‘myo-499 

granules’ which may be the precursors for aggregation in diseased muscle, as shown in mutant VCP 500 

(A232E) mouse muscle 41. It is therefore possible that a similar phenomenon also occurs in the brain 501 

of mVCP mice, leading to the aggregates observed in this study. Two additional markers of stress 502 

granules, FMRP and G3BP were also associated with protein aggregates in the brain of mVCP mice 503 

(Supplementary Fig. 1 B). In control animals and mVCP mice treated with arimoclomol, no aggregates 504 

positive for any of the tested stress granule markers were observed (Supplementary Fig. 1 B).  505 

 506 

Furthermore, as observed in the spinal cord, immunostaining of mVCP mouse cortex also revealed 507 

the presence of p62 and LC3-positive aggregates, with intense cytosolic LC3 staining (Fig. 5A and B). 508 

No LC3 staining was observed in control tissue or arimoclomol treated mVCP mice.  509 

 510 



Similar to the findings in the spinal cord of mVCP mice, brain tissue from these animals also showed 511 

an increase in the expression of HSP70 compared to wtVCP and non-transgenic WT controls, 512 

indicative of stress-induced activation of the HSR. In mVCP mice treated with arimoclomol, HSP70 513 

expression was found to be further increased, suggesting that the HSR has been augmented by 514 

arimoclomol treatment (Fig. 5C). Interestingly, as noted in the spinal cord, HSP70 expression was 515 

significantly pronounced in glial cells in the brain, which are known to have a robust stress induced 516 

HSR. 517 

 518 

Pathology observed in mVCP mice reflects that observed in ALS/FTD patient brain tissue. 519 

To verify whether the pathological features observed in the CNS of mVCP mice, which were improved 520 

by treatment with arimoclomol, have relevance to the human disease, we examined post-mortem brain 521 

tissue from 4 patients with FTD (diagnosed as FTD patient with: motor neuron disease (FTD-MND), 522 

ubiquitin-positive inclusion bodies (FTD-U), mutation in TDP-43 (FTD-TDPA) or with mutant tau 523 

protein (FTD-MAPT)). A panel of the same markers used in the mVCP mice were assessed and 524 

results compared to samples of the same region from age-matched healthy human brains. 525 

 526 

Since autophagy is a common pathway that may be disrupted in FTD brain regardless of specific 527 

disease aetiology, we examined human FTD brain for the presence of autophagy-related proteins 528 

which were abnormally present in mVCP mice. Globular, juxtanuclear p62-positive cytoplasmic 529 

inclusion bodies were present in cortical brain sections of the FTD cases (Fig. 6A) and were similar to 530 

those seen in mVCP mice (Fig. 5A), suggesting a generalised disruption in protein homeostasis in 531 

FTD patients regardless of subtype; no p62 immunostaining was observed in brain sections from 532 

healthy controls. Strong p62 staining was also observed in the FTD-MAPT brain (Fig. 6A), similar to 533 

that reported in the brain of Alzheimer’s disease patients early in pathogenesis within neurofibrillary 534 

tangles 43. In FTD-TDPA brain, intense p62 staining was observed in neural processes in addition to 535 

cytoplasmic inclusion bodies. Interestingly, a similar pattern of TDP-43 staining has been reported in 536 

the upper cortical layers in FTD-TDPA patients 44.  537 

 538 

Furthermore, immunostaining of cortical sections revealed the presence of LC3-positive aggregates 539 

in all FTD patients, similar to findings in mVCP mice (Fig 5B). FTD-MAPT and FTD-TDPA samples 540 

also contained cells with more intense cytoplasmic staining throughout cells than seen in FTD-U and 541 

FTD-MND patients, which corresponded to significantly increased LC3 I levels detected by 542 

immunoblot (FTD-MAPT patient, p=0.043 and FTD-TDPA, p=0.015, 2-way ANOVA) compared to 543 

healthy controls (Supplementary Fig. 2). It is likely that total LC3 I level in samples with less 544 

cytoplasmic staining are also above basal levels but not detected in the soluble lysates due to 545 

aggregation. No significant difference in LC3 II, which closely correlates to the number of 546 

autophagosomes, was detected by immunoblot. 547 



Although TDP-43 mislocalisation in FTD brain is a well-established phenotype, we demonstrate 548 

extensive cytoplasmic mislocalisation of TDP-43 in the brain of all four FTD patients in which p62 and 549 

LC3 are also aggregated. Such mislocalisation was not observed in samples from healthy controls 550 

(Fig. 6C). Our findings thus reveal that the pathological phenotypes identified in the mVCP mouse 551 

model are indeed present in the human disease. Moreover, these phenotypes are not limited to 552 

mutations in VCP, therefore expanding the relevance of our findings of the beneficial effects of 553 

arimoclomol to non-VCP FTD patients.  554 

 555 

While the ability to mount a HSR under conditions of cell stress is present throughout life, this 556 

cytoprotective mechanism is thought to become less effective in later life, likely contributing to the 557 

age-related increase in susceptibility to degenerative diseases 45. In our study, compared to age-558 

matched control post-mortem samples, HSP70 expression was indeed significantly lower in the cortex 559 

of 2 out of 4 of the FTD patients examined (Fig. 6D). However, a reduced HSR is not a prerequisite 560 

for treatment potential and therapeutically augmenting this endogenous cytoprotective process with 561 

arimoclomol may be a beneficial strategy in response to neurodegenerative diseases such as 562 

ALS/FTD.   563 

 564 

Patient-derived mutant VCP fibroblasts and iPSC motor neurons develop pathology which is 565 

improved by arimoclomol treatment. 566 

Our results show for the first time, that upregulation of the HSR by treatment with arimoclomol 567 

significantly ameliorates the pathological deficits observed in the brain and spinal cord of mVCP mice. 568 

To further test whether the beneficial effects of arimoclomol may have therapeutic relevance for 569 

human ALS/FTD, we next examined the effects of arimoclomol in two human models of ALS/FTD, by 570 

establishing two patient-derived cellular in vitro models of mutant VCP: i) mutant VCP patient 571 

fibroblasts, a relatively simple cellular system with defined mutations and the cumulative cellular 572 

damage of the patients; this model enabled us to test the effects of mutant VCP on human cells and 573 

to establish the effects of arimoclomol on non-neuronal cells; ii) human induced pluripotent stem cell  574 

(iPSC)-derived motor neurons (iPSC-MNs) established from ALS patients expressing mutant VCP, 575 

which provide a more complex, neuronal and highly disease-specific cell culture model of 576 

neurodegeneration, and which have been previously shown to manifest a TDP-43 pathology 46. 577 

 578 

Fibroblasts derived from patients with the most prevalent MSP-associated VCP mutation, R155H, 579 

have been reported to display some evidence of a pathological phenotype when grown in culture 47. 580 

In this study, we assessed the distribution of a number of ALS/FTD-associated proteins in fibroblasts 581 

expressing either the R155H VCP mutation, obtained from three patients with a mild disease 582 

phenotype or the R93C VCP mutation, from a patient with a more severe disease phenotype. We 583 

observed an increase in ubiquitin, p62 and TDP-43 immuno-reactive aggregates in the cytoplasm of 584 



mVCP fibroblasts from all patients. The majority of p62-positive aggregates were located adjacent 585 

to the nucleus (Fig. 7A), whilst ubiquitin-positive aggregates were present either as large, distinct 586 

aggregates (Fig. 7B i) or as smaller, diffuse aggregates (Fig. 7B ii) that were more evenly dispersed 587 

throughout the cytoplasm. Although this dispersed expression of ubiquitin was also noted in a small 588 

number of age-matched control fibroblasts (data not shown), large aggregates of ubiquitin or p62 were 589 

not detected in control cells or in patient fibroblasts after treatment with arimoclomol (10µM, 24-hour 590 

treatment). 591 

 592 

No TDP-43-positive cytoplasmic aggregates were observed in control fibroblasts (Fig. 7C i). 593 

However, abnormal TDP-43 expression patterns were noted in mVCP fibroblasts, with differences 594 

observed between patient lines, potentially reflecting phenotypic differences between mild and severe 595 

cases. In some mVCP fibroblasts, TDP-43 was retained in the nuclei of cells in which cytoplasmic 596 

aggregates were present (Fig. 7C ii). However, several cells from the more severely affected mVCP 597 

R93C line showed evidence of TDP-43 nuclear depletion, even in the absence of cytoplasmic 598 

aggregates (Fig. 7C iii). This pattern was not seen in the milder R155H line, control cells or in R93C 599 

cells treated with 10µM arimoclomol. Indeed, quantification of nuclear TDP-43 levels shows that 600 

arimoclomol treatment prevents the loss of TDP-43 in the nuclei of R93C cells (Fig. 7D).  601 

 602 

The pathological changes observed in mVCP fibroblasts were also associated with an increase in the 603 

expression of HSP70 (Fig. 7E), which was almost 2-fold higher than that observed in control cells, 604 

indicating the presence of cell stress. Furthermore, we also observed a significant increase in the 605 

number of nuclei with abnormal morphology, consisting of herniations and fragmentation of nuclei 606 

leading to the generation of micronuclei, in both the R155H and R93C mVCP cell lines (Fig. 7 F i- ii). 607 

Surprisingly, these cells were not undergoing apoptosis, as assessed by TUNEL staining for DNA 608 

double-strand breaks (Supplementary Fig. 3). Quantification of the number of aberrant nuclei in mVCP 609 

fibroblasts in the absence and presence of increasing concentrations of arimoclomol revealed a dose-610 

dependent reduction in the number of disrupted nuclei, with a statistically significant difference 611 

observed at 50µM of arimoclomol (Fig. 7F iii). 612 

 613 

In order to confirm our results in a more relevant cellular model of ALS, we also investigated the effects 614 

of arimoclomol on iPSC-derived motor neurons from patients with VCP mutations (3 individual patient 615 

lines). TDP-43 cytoplasmic mislocalisation has been previously reported in iPSCs from patients with 616 

mutated VCP 46. As expected, we frequently observed distinct cytoplasmic TDP-43 in mVCP IPSC-617 

derived motor neuron cultures, with many cells also exhibiting nuclear loss of TDP-43 (Fig. 8A, 618 

magnified image of cell). Importantly, mislocalised TDP-43 was rarely seen in the mVCP cultures 619 

treated with 50 µM arimoclomol and was absent from healthy control cells.  620 



Ubiquitin-positive and p62 immuno-reactive protein aggregates were also detected in mVCP iPSC-621 

motor neurons, either as many small bodies dispersed throughout the cell or as one large distinct 622 

globular aggregate within the cytoplasm (Fig. 8B and D). Quantification of cells with ubiquitin-positive 623 

aggregates revealed a 22% increase in mVCP neurons compared to controls, with a significant 624 

reduction (down to 11%) in arimoclomol treated cultures (Fig 8C). No statistical significance was 625 

identified between control and arimoclomol treated mVCP groups. These findings corroborate our 626 

observations in mVCP mice, where abnormal ubiquitin and p62 accumulation, possibly linked to 627 

impairment of autophagy or proteasomal degradation, was present in both the spinal cord and brain. 628 

More importantly, these data clearly show that arimoclomol treatment leads to a reduction of 629 

cytoplasmic ubiquitin aggregates in a specific neurological cellular system with VCP mutation.  630 

 631 

As seen in the mVCP mice, expression of HSP70 was increased in mVCP iPSC-derived motor neuron 632 

cultures under basal conditions, indicating that these cells are under stress and have activated the 633 

HSR. Treatment of mVCP iPSC-derived motor neurons with arimoclomol resulted in a clear increase 634 

in HSP70 expression above that observed in untreated mVCP iPSC-MNs (Fig. 8E), indicating an 635 

enhancement of the endogenous cytoprotective HSR, which is likely to account for the improvement 636 

in protein mishandling pathology observed untreated cells.  637 

 638 

 639 

DISCUSSION 640 

We have previously demonstrated the beneficial effects of augmenting the HSR with arimoclomol on 641 

the ALS phenotype of mutant SOD1 mice11,12,13 as well as the IBM-like muscle pathology that is 642 

present in mutant VCP mice 27. In the present study, we expand these findings to examine the effects 643 

of arimoclomol on the spinal cord and brain pathology which is also part of the MSP phenotype of 644 

mVCP mice, and which we show to be similar to pathological characteristics of human ALS/FTD. 645 

 646 

Our results show that the loss of functional motor units and corresponding degeneration of spinal 647 

motor neurons observed in mVCP mice was ameliorated by treatment with arimoclomol. In particular, 648 

large, most likely alpha neurons, which were preferentially lost in mVCP mice were rescued by 649 

arimoclomol. The preferential degeneration of alpha motor neurons is a well-established feature of 650 

ALS 48, 49 and has been previously observed in the SOD1G93A mouse model of ALS 20. Importantly, this 651 

finding shows for the first time, that arimoclomol is able to rescue the defining pathological hallmark 652 

of ALS not only in models of SOD1-ALS mice11,12,13, but also in a model of non-SOD1 ALS, suggesting 653 

that it may have therapeutic potential for ALS more broadly. 654 

 655 

We also observed distinct signs of proteotoxic cell stress in the spinal cord of mVCP mice, with the 656 

presence of ubiquitin-positive aggregates and cytoplasmic mislocalisation of TDP-43. Furthermore, 657 



we observed accumulation of p62 and LC3 in neurons and myelinating oligodendrocytes, suggesting 658 

that deficits in autophagy may lead to inefficient clearance of aberrant proteins in mVCP spinal cord 659 

neurons. In addition, we present evidence of myelin disruption in the spinal cord white matter, which 660 

may reflect axonal and/or myelin degeneration. The beneficial effects of arimoclomol in ameliorating 661 

these pathological features of ALS are likely to be due to an increase in the HSR, as they were 662 

accompanied by a significant increase in the expression of HSP70 in both neurons and glia. These 663 

observations are consistent with previous publications demonstrating that amplification of HSP70 664 

improves lysosomal function and myelination in the CNS 29. 665 

 666 

A similar pathological phenotype was observed in the brain of mVCP mice, including the presence of 667 

ubiquitinated inclusion bodies, TDP-43 mislocalisation and accumulation of p62 and LC3 in neurons; 668 

these pathological markers were again associated with an increase in the expression of HSP70. Areas 669 

of p-tau pathology were also present, with Iba1 and GFAP-positive cells surrounding p-tau lesions, 670 

suggesting the presence of an inflammatory response. Stress granule markers, co-localised with 671 

ubiquitin and TDP-43, were also found in mVCP mouse brains. This indicates that there may be 672 

impaired stress granule clearance, as previously reported when VCP function has been inhibited 50. 673 

Arimoclomol treatment improved all of the pathological changes observed in mVCP mouse brains and 674 

was associated with a clear enhancement in HSP70 expression above that occurring in untreated 675 

mVCP mice in both neurons and glia. This is consistent with previous reports demonstrating that 676 

arimoclomol readily crosses the blood brain barrier and amplifies the expression of HSP70 within the 677 

CNS 29, 31. Upregulation of the HSR in glial cells may reflect a stress response in these cells or may 678 

be part of a neuroprotective mechanism to help defend neurons against mVCP-induced stress through 679 

the expression of heat shock proteins 51. Glial HSP70 is known to be protective to neurons and 680 

exogenous HSP70 has been shown to be beneficial in improving motor neuron survival in the 681 

SOD1G93A mouse model of ALS 52-54.  682 

 683 

We also examined two human cellular models of mutant VCP disease, which provide more clinically 684 

relevant platforms to test the effects of arimoclomol and also allow for more quantifiable analysis of 685 

some of the observations made in the mouse and FTD patient post-mortem tissues. In both fibroblasts 686 

and iPSC-derived motor neurons from mVCP patients, the key degenerative phenotypes observed in 687 

mVCP mice were recapitulated, including the formation of ubiquitinated protein aggregates and TDP-688 

43 pathology and these changes were associated with an increase in HSP70 expression as seen in 689 

mVCP mice. While disperse cytoplasmic TDP-43 staining was not easily detectable in the mVCP 690 

fibroblasts, reduced nuclear TDP-43 (without clear cytoplasmic mislocalisation) has previously been 691 

described in fibroblasts from ALS VCP patients, where truncated and phosphorylated TDP-43 was 692 

associated with the nuclear reduction, and imply altered TDP-43 metabolism in these cells 55.  693 



Arimoclomol treatment demonstrated an improvement in TDP-43 pathology in both human models 694 

examined in this study. 695 

 696 

Furthermore, abnormal nuclear morphology was observed in mVCP fibroblasts, which has previously 697 

been reported in IBM patient muscle 56. This phenomenon may be the result of altered nuclear 698 

membrane integrity brought about by an imbalance of proteins that constitute the nuclear lamina when 699 

protein homeostasis is disrupted 57. Importantly, arimoclomol treatment demonstrated a significant 700 

and dose-dependent reduction in this aberrant nuclear morphology. 701 

 702 

Thus, arimoclomol treatment ameliorated key pathological features assessed in human cells in vitro, 703 

corroborating our in vivo data from mVCP mice and demonstrating that i) the HSR can indeed be 704 

therapeutically manipulated in vitro in patient cells associated with ALS/FTD mutations, and ii) 705 

pharmacological augmentation of the HSR is sufficient to rescue key degenerative changes in human 706 

mVCP cells in vitro. 707 

 708 

In parallel to the experimental data, we also confirm that the same key pathological characteristics of 709 

ALS/FTD observed in the mouse and recapitulated in the human cell models of mVCP disease, and 710 

which were ameliorated by treatment with arimoclomol, are present in cortical brain samples of FTD 711 

patients. Our results show that TDP-43 pathology was present in all FTD patient samples examined. 712 

In addition, both p62 and LC3 were found to be accumulated in FTD brains across the subtypes 713 

examined, either as soluble proteins detectable by immunoblot or as aggregates revealed by 714 

histochemistry. These findings suggest that impaired clearance of neurotoxic proteins by autophagy 715 

may be a common factor in FTD, and not necessarily specific to a particular mutation or aetiology. 716 

 717 

Although the scale, kinetics and required threshold of the HSR varies between cells and stressors, 718 

this vital mechanism routinely keeps cells free of damaged and surplus proteins 58. As a highly 719 

adaptive system, the HSR is able to tailor the type of stress response that is most appropriate for the 720 

type of cell involved and for the specific type of stress they are under 59, coordinating stress-induced 721 

transcription of a variety of chaperones and co-chaperones. While we found the HSR to be induced 722 

in all the mVCP models we examined, the magnitude of the endogenous HSR mounted was clearly 723 

not sufficient to prevent pathology. Furthermore, the HSR, as measured by HSP70 levels, remained 724 

unaltered or deficient in FTD patient tissue which share common pathogenic hallmarks with our 725 

disease models. It has been long established that attenuation of the HSR is associated with aging and 726 

this may be, in part, responsible for the accumulation of aberrant proteins and thus altered regulation 727 

of cell death which we see in chronic neurodegeneration 45, 60. All FTD post-mortem brain samples 728 

investigated in this study were from patients of relatively advanced age, ranging from 62-79 years old 729 

and were compared to age-matched controls and as such, a lower HSR is not unexpected. Our data 730 



therefore suggests that a diminished HSR is not necessarily a precondition for treatment with a HSR 731 

amplifier, and pharmacologically correcting any deficiency or amplifying the endogenous HSR using 732 

arimoclomol may be an effective approach to alleviate neurodegenerative pathology and therefore 733 

delay disease progression in ALS/FTD patients.  734 

 735 

Importantly, when considering arimoclomol’s potential as a therapeutic agent, its ability to act as an 736 

amplifier and not an inducer of the HSR; thereby reducing any potential off-target effects, is 737 

critical. In all the disease models examined in this study, we demonstrate that amplification of the 738 

HSR with arimoclomol prevents the development of pathology characteristic of protein 739 

dyshomeostasis, including the mislocalisation of TDP-43, and mitigates formation of ubiquitin-rich 740 

inclusion bodies. Moreover, we show that these improvements in cell health are associated with 741 

significantly improved neuronal survival in vivo, which is vital for slowing disease progression in 742 

neurodegenerative conditions such as ALS and FTD. 743 

  744 

Conclusions 745 

The results of this study show that in both spinal cord and brain of transgenic mice and in human cells, 746 

expression of mutant VCP gives rise to a neurodegenerative pathology that is reminiscent of ALS/FTD 747 

and MSP, including protein aggregation and TDP-43 mislocalisation, resulting in cell death.  748 

Furthermore, we show that these pathological features are also present in human FTD brain, 749 

irrespective of genetic subtype.  750 

 751 

Taken together with the results from our previous studies in mVCP muscle, SOD1G93A ALS mice 20-22 752 

as well the AR100 mouse model of SBMA, our findings suggest that several common pathological 753 

characteristics develop when protein mishandling occurs in a cell, regardless of the cause (in both 754 

genetic and sporadic disease), the tissue type or indeed whether murine or human. Moreover, our 755 

results demonstrate the effectiveness of arimoclomol in ameliorating these pathological characteristics 756 

through an upregulation of cytoprotective chaperone proteins which are endogenous to all cell types. 757 

 758 

Arimoclomol is a small molecule HSP amplifier that is clinically well-tolerated and readily crosses the 759 

blood-brain barrier. The results of this study thus suggest that arimoclomol treatment may be a 760 

disease-modifying therapeutic approach for the treatment of non-SOD1 ALS as well as MSP. 761 

Furthermore, since the pathology induced in mVCP mice and human cells in vitro mirrors that 762 

observed in human FTD patient post-mortem brain, our results also indicate the potential therapeutic 763 

value of arimoclomol for the treatment of FTD and potentially other neurodegenerative conditions with 764 

evidence of disrupted protein homeostasis. 765 

 766 

 767 
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Figure 1. Loss of motor neurons and motor units in mVCP mice is reduced in mice treated with 977 

Arimoclomol. (A) Examples of isometric twitch force traces of the EDL muscle from representative 978 

control and mVCP mice. Each increment represents recruitment of a motor unit with increasing nerve 979 

stimulation (B) Bar chart shows quantification of motor unit in all experimental groups at 14 months of 980 

age. *p=0.019, **p=0.001 (n=10 average per experimental group). (C) Nissl stained images of spinal 981 

cord sections from the L4 region of wt VCP, mVCP and Arimoclomol treated mVCP mice at 14 months 982 

of age. Sciatic pool neurons are circled. Insets show images at higher magnification. Scale bars = 20µm. 983 

(D) Bar chart showing percentage of motor neurons present in the spinal cord sciatic pool from all 984 

experimental groups *p=0.029, ***p=0.0001 (n=5 animals per group). (E) Bar chart representing the 985 

mean motor neuron area across cohorts. ***p=0.0001 (n=3 mice per group). (F) Size distribution graph 986 

by total somal area of sciatic pool motor neurons from control, mVCP and Arimoclomol treated mVCP 987 

mice (10 images of spinal cord regions L4 and L5, n=3 mice per group).  988 
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Figure 2. Ubiquitin and TDP-43 pathology in mVCP spinal cord is improved with Arimoclomol 1019 

and is associated with increased HSP70. Immunofluorescent images of lumber spinal cord sections 1020 

from wt VCP, mVCP and Arimoclomol treated mVCP mice showing (A) Ubiquitin immunoreactivity in 1021 

neurons, (B) TDP-43 localisation in sciatic pool neurons and (C) HSP70 expression in spinal cord with 1022 

and without neuronal marker (β-III tubulin, red). (D) Bar chart representing the mean fluorescence 1023 

intensity (arbitrary values) of HSP70 immunolabelling in individual spinal cord motor neurons using 1024 

confocal microscopy from each experimental group. * p=0.044, **p= 0.0056) (E) HSP70 expression in 1025 

GFAP co-labelled spinal cord sections with and without the glial marker from an Arimoclomol treated 1026 

animal. White arrows show GFAP-negative neuronal cells, yellow arrows show GFAP positive glial cells. 1027 

DAPI labels nuclei (blue). Scale bar = 10µm. 1028 
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Figure 3. Increased expression of p62 and LC3 in the spinal cord grey and white matter of mVCP 1054 

mice is reduced with Arimoclomol treatment. (A) p62 expression in the spinal cord of wt VCP, mVCP 1055 

and Arimoclomol treated mice. Myelin co-localisation shown in red. (B, i) mVCP spinal cord with 1056 

increased p62 expression in white and grey matter and aggregated p62 in sciatic pool motor neurons 1057 

(inset, high magnification image) and oligodendrocytes (ringed in red). ii) High magnification image of 1058 

increased p62 expression and collapsed myelin sheath in mVCP spinal cord white matter. (C) LC3 1059 

expression in mouse spinal cord co-localised with myelin (red). Inset shows high magnification image 1060 

of a myelinated axon. Scale bar = 10µm, DAPI label nuclei (blue). 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 



 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

Figure 4. TDP-43 and ubiquitin pathology in mVCP mice is improved with Arimoclomol treatment 1098 

(A) TDP-43 localisation in cortical cells. Insets highlight cells with nuclei clearance of TDP-43. Scale 1099 

bar = 20µm. (B) Ubiquitin immunoreactivity in mouse cortex shows ubiquitin-positive aggregates in 1100 

mVCP brain (red). Scale bar = 20µm. (C) stress granule marker Tia1 colocalised with TDP-43 and 1101 

ubiquitin in mVCP brain. Scale bar = 5µm. DAPI labels nuclei (blue) in all images. 1102 
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Figure 5. Arimoclomol treatment prevents p62 and LC3 aggregation and enhances HSP70 in 1134 

mVCP mouse brain. Histological images of (A) p62 expression and (B) LC3 expression in mouse brain 1135 

sections. White arrows indicate protein aggregates. (C) HSP70 expression in mouse brain with and 1136 

without neuronal marker (β-III tubulin, red) and nuclear marker (DAPI, blue). White arrows indicate glial 1137 

cells expressing HSP70. Scale bar =10µm.  1138 
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Figure 6. Pathology in brain tissue from FTD patients and their HSP70 expression levels. (A) p62 1159 

immunohistochemistry on post-mortem brain cortex from patients with subtypes of FTD shows p62+ 1160 

inclusion bodies. White arrows indicate intensely stained neurites and black arrows indicate cytoplasmic 1161 

protein aggregates. (B). Increased LC3 expression in neurons of post-mortem FTD brain samples. 1162 

Neurons with area of intense positive staining for LC3 in patients with FTD-MAPT and FTD-TDPA. LC3-1163 

positive aggregates observed in neurons from patients with FTD-U and FTD-MND. Insets show 1164 

magnification of marked regions. (C) Cytoplasmic TDP-43 mislocalisation was observed in all patient 1165 

samples (green), while rarely seen in control tissue. (D) Western blot of HSP70 expression from brain 1166 

tissue compared to healthy controls and corresponding density bar chart (*p<0.05). DAPI labels nuclei 1167 

(blue). Scale bar = 10µm unless otherwise indicated. 1168 
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Figure 7. Human mutant VCP patient fibroblasts exhibit pathology ameliorated by Arimoclomol. 1198 

Representative immunofluorescent images of untreated mVCP patient fibroblasts demonstrating (A) 1199 

p62-positive aggregates, (B) ubiquitin-positive aggregates present as i) large, globular aggregates or 1200 

ii) small and diffuse. (C) i) Control image ii) aggregated cytoplasmic TDP-43 and iii) reduced nuclear 1201 

abundance of TDP-43, as indicated by white arrows. Scale bar = 20 µm. (D) Bar chart representation 1202 

of TDP-43 nuclear intensity in untreated and 150 µM Arimoclomol-treated fibroblasts, 400-500 nuclei 1203 

analysed,* p<0.0001. (E i) Western blot of HSP70 expression in control and untreated patient fibroblasts 1204 

with ii) corresponding density bar chart. *p<0.05 (F) DAPI-labelled fluorescent images of abnormal 1205 

nuclear morphology observed in mVCP patient fibroblasts shows i) nuclear herniation and nuclear 1206 

fragmentation generating micronuclei. Quantification of percentage disrupted nuclei in (ii) untreated 1207 

control and patient fibroblasts, *<0.0001 and (iii) fibroblasts treated with increasing concentrations of 1208 

Arimoclomol. **p<0.01, *** p<0.001 1209 
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Figure 8. Human mVCP iPSC-derived motor neurons exhibit pathology ameliorated by 1222 

Arimoclomol. (A) TDP-43 immunoreactivity shows localisation in control, mVCP and Arimoclomol 1223 

treated mVCP iPSC motor neuron cultures. Inset shows magnification of cell with nuclear depletion of 1224 

TDP-43 (B) Fluorescent images of ubiquitin immunoreactivity in mVCP iPSC motor neuron cultures with 1225 

and without Arimoclomol treatment (C) quantification of cells with ubiquitin-positive aggregates 1226 

represented as a bar chart. *p= 0.026 between control and mVCP and p=0.046 between mVCP and 1227 

mVCP+A. (D) p62 immunoreactivity in iPSC motor neurons from Arimoclomol treated and untreated 1228 

mVCP cultures. (E) immunofluorescent images of HSP70 expression with neuronal marker β-III tubulin. 1229 

DAPI labels nuclei (blue). Scale bar = 20µm. 1230 



Figures

Figure 1

Loss of motor neurons and motor units in mVCP mice is reduced in mice treated with Arimoclomol. (A)
Examples of isometric twitch force traces of the EDL muscle from representative control and mVCP mice.
Each increment represents recruitment of a motor unit with increasing nerve 979 stimulation (B) Bar chart
shows quanti�cation of motor unit in all experimental groups at 14 months of age. *p=0.019, **p=0.001



(n=10 average per experimental group). (C) Nissl stained images of spinal cord sections from the L4
region of wt VCP, mVCP and Arimoclomol treated mVCP mice at 14 months of age. Sciatic pool neurons
are circled. Insets show images at higher magni�cation. Scale bars = 20μm. (D) Bar chart showing
percentage of motor neurons present in the spinal cord sciatic pool from allexperimental groups
*p=0.029, ***p=0.0001 (n=5 animals per group). (E) Bar chart representing the mean motor neuron area
across cohorts. ***p=0.0001 (n=3 mice per group). (F) Size distribution graph by total somal area of
sciatic pool motor neurons from control, mVCP and Arimoclomol treated mVCP mice (10 images of
spinal cord regions L4 and L5, n=3 mice per group).



Figure 2

Ubiquitin and TDP-43 pathology in mVCP spinal cord is improved with Arimoclomol and is associated
with increased HSP70. Immuno�uorescent images of lumber spinal cord sections  from wt VCP, mVCP
and Arimoclomol treated mVCP mice showing (A) Ubiquitin immunoreactivity in neurons, (B) TDP-43
localisation in sciatic pool neurons and (C) HSP70 expression in spinal cord with and without neuronal
marker (β-III tubulin, red). (D) Bar chart representing the mean �uorescence intensity (arbitrary values) of



HSP70 immunolabelling in individual spinal cord motor neurons using confocal microscopy from each
experimental group. * p=0.044, **p= 0.0056) (E) HSP70 expression in GFAP co-labelled spinal cord
sections with and without the glial marker from an Arimoclomol treated animal. White arrows show
GFAP-negative neuronal cells, yellow arrows show GFAP positive glial cells. 1DAPI labels nuclei (blue).
Scale bar = 10μm.

Figure 3

Increased expression of p62 and LC3 in the spinal cord grey and white matter of mVCP 1054 mice is
reduced with Arimoclomol treatment. (A) p62 expression in the spinal cord of wt VCP, mVCP and
Arimoclomol treated mice. Myelin co-localisation shown in red. (B, i) mVCP spinal cord with increased
p62 expression in white and grey matter and aggregated p62 in sciatic pool motor neurons (inset, high



magni�cation image) and oligodendrocytes (ringed in red). ii) High magni�cation image of increased p62
expression and collapsed myelin sheath in mVCP spinal cord white matter. (C) LC3 expression in mouse
spinal cord co-localised with myelin (red). Inset shows high magni�cation image of a myelinated axon.
Scale bar = 10μm, DAPI label nuclei (blue).

Figure 4



TDP-43 and ubiquitin pathology in mVCP mice is improved with Arimoclomol treatment (A) TDP-43
localisation in cortical cells. Insets highlight cells with nuclei clearance of TDP-43. Scale bar = 20μm. (B)
Ubiquitin immunoreactivity in mouse cortex shows ubiquitin-positive aggregates in mVCP brain (red).
Scale bar = 20μm. (C) stress granule marker Tia1 colocalised with TDP-43 and ubiquitin in mVCP brain.
Scale bar = 5μm. DAPI labels nuclei (blue) in all images.

Figure 5



Arimoclomol treatment prevents p62 and LC3 aggregation and enhances HSP70 in mVCP mouse brain.
Histological images of (A) p62 expression and (B) LC3 expression in mouse brain sections. White arrows
indicate protein aggregates. (C) HSP70 expression in mouse brain with and without neuronal marker (β-III
tubulin, red) and nuclear marker (DAPI, blue). White arrows indicate glial cells expressing HSP70. Scale
bar =10μm.

Figure 6



Pathology in brain tissue from FTD patients and their HSP70 expression levels. (A) p62
immunohistochemistry on post-mortem brain cortex from patients with subtypes of FTD shows p62+
inclusion bodies. White arrows indicate intensely stained neurites and black arrows indicate cytoplasmic
protein aggregates. (B). Increased LC3 expression in neurons of post-mortem FTD brain samples.
Neurons with area of intense positive staining for LC3 in patients with FTD-MAPT and FTD-TDPA. LC3-
positive aggregates observed in neurons from patients with FTD-U and FTD-MND. Insets show
magni�cation of marked regions. (C) Cytoplasmic TDP-43 mislocalisation was observed in all patient
samples (green), while rarely seen in control tissue. (D) Western blot of HSP70 expression from brain
tissue compared to healthy controls and corresponding density bar chart (*p<0.05). DAPI labels nuclei
(blue). Scale bar = 10μm unless otherwise indicated.



Figure 7

Human mutant VCP patient �broblasts exhibit pathology ameliorated by Arimoclomol.Representative
immuno�uorescent images of untreated mVCP patient �broblasts demonstrating (A) p62-positive
aggregates, (B) ubiquitin-positive aggregates present as i) large, globular aggregates or ii) small and
diffuse. (C) i) Control image ii) aggregated cytoplasmic TDP-43 and iii) reduced nuclear abundance of
TDP-43, as indicated by white arrows. Scale bar = 20 μm. (D) Bar chart representation of TDP-43 nuclear



intensity in untreated and 150 μM Arimoclomol-treated �broblasts, 400-500 nuclei analysed,* p<0.0001.
(E i) Western blot of HSP70 expression in control and untreated patient �broblasts with ii) corresponding
density bar chart. *p<0.05 (F) DAPI-labelled �uorescent images of abnormal nuclear morphology
observed in mVCP patient �broblasts shows i) nuclear herniation and nuclear fragmentation generating
micronuclei. Quanti�cation of percentage disrupted nuclei in (ii) untreated control and patient �broblasts,
*<0.0001 and (iii) �broblasts treated with increasing concentrations of Arimoclomol. **p<0.01, ***
p<0.001



Figure 8

Human mVCP iPSC-derived motor neurons exhibit pathology ameliorated by Arimoclomol. (A) TDP-43
immunoreactivity shows localisation in control, mVCP and Arimoclomol treated mVCP iPSC motor
neuron cultures. Inset shows magni�cation of cell with nuclear depletion of TDP-43 (B) Fluorescent
images of ubiquitin immunoreactivity in mVCP iPSC motor neuron cultures with and without Arimoclomol
treatment (C) quanti�cation of cells with ubiquitin-positive aggregates represented as a bar chart. *p=
0.026 between control and mVCP and p=0.046 between mVCP and mVCP+A. (D) p62 immunoreactivity in
iPSC motor neurons from Arimoclomol treated and untreated mVCP cultures. (E) immuno�uorescent
images of HSP70 expression with neuronal marker β-III tubulin. DAPI labels nuclei (blue). Scale bar =
20μm.
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