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Abstract

Naturally occurring hereditary diseases in dogs and cats can overcome major barriers in
developing therapies for rare human genetic disorders, including limited natural history
data, poor genotype-phenotype resolution, inadequate biomarkers, and weak translation
from rodent models. By focusing on Niemann-Pick disease type C1 (NPC disease) in cats as
a representative lysosomal disorder, the relevance of translating findings from large animal
models to both pediatric medicine and veterinary neurology is discussed. The feline model
of NPC disease closely mirrors the human disease genetically, biochemically,
pathologically, and clinically, showing progressive cerebellar ataxia, Purkinje neuron loss,
neuroaxonal dystrophy, hepatic disease, and abnormal cholesterol and sphingolipid
storage. Studies in affected cats established the disease’s natural history, identified plasma
24(S)-hydroxycholesterol and spinal fluid calbindin D as biomarkers of disease progression
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, and enabled rigorous testing of therapies. Oral miglustat modestly delayed neurological decline, while intrathecal 2-
hydroxypropyl-beta-cyclodextrin produced marked preservation of neurological function, prolonged survival, and
reduced neuropathology, although ototoxicity emerged as an important adverse effect. These feline preclinical
studies directly informed human clinical trial design, dosing, safety monitoring, and biomarker development, thereby
accelerating therapeutic translation for children with NPC disease. Experimental Adeno-associated viral (AAV)-
mediated gene therapy in cats is ongoing although current technical limitations of gene delivery for diffuse
neurodegenerative disorders may limit efficacy. For veterinary clinical practice, the work supports improved and
early diagnosis, breeding management, and the development of future treatment of feline NPC disease and other
hereditary ataxias.

INTRODUCTION

Many rare genetic disorders of human patients lack effective therapies due to limited natural history data, an
incomplete understanding of genotype-phenotype relationships, a lack of validated surrogate disease
markers, and the inability to translate experimental therapies from mouse models into other species. These
challenges may be addressed, in part, through the study of naturally occurring hereditary diseases of dogs
and cats. This concept is not a new one. Indeed, the Referral Center for Animal Models of Human Genetic
Disease (RCAM) was established in 1974 at the School of Veterinary Medicine of the University of
Pennsylvania to serve as a national referral site and resource for the discovery and characterization of dogs
and cats with hereditary diseases homologous to those found in human patients. These naturally occurring
large animal models of human disease represented true orthologs of their respective human diseases,
involving defects in homologous genes resulting in similar molecular, biochemical, pathological, and clinical
phenotypes as in human patients""). In collaboration with the School of Veterinary Medicine’s Section of
Medical Genetics and various hospital clinical services, naturally occurring canine and feline models of
human genetic diseases found by veterinarians and breeders internationally were identified using accurate
phenotypic description including clinical evaluation, diagnostic imaging, clinical laboratory testing, and
histological studies" . Laboratory testing included biochemical screening of blood, urine, cerebrospinal
fluid, and tissue samples for abnormal metabolites indicative of defective metabolic pathways. Mode of
inheritance was determined along with genomic and candidate gene analyses. Over its nearly 50-year
existence, the Center discovered, characterized, and/or maintained breeding colonies or germplasm from
over 40 different hereditary diseases resulting in hundreds of papers on the natural histories, pathogeneses,
or experimental therapies for these diseases. Data from these large-animal models contributed to the
development of small molecules and biologics for human trials"?!.

LYSOSOMAL DISEASES

Of the diseases characterized by the Center, 11 were lysosomal diseases. Lysosomal diseases are a group of
~70 disorders defined by the lysosomal accumulation of a substrate due to deficiency of a soluble lysosomal
acid hydrolase or an activator protein, or due to defective lysosomal membrane transport preventing the
contents from reaching the cytoplasm'**. As a group, lysosomal diseases affect ~1 in 5000 live births'");
however, each individual lysosomal storage disorder is rare making therapies difficult to develop due to the
low incidence as well as to disease heterogeneity in the patient population.

Neuronopathic lysosomal diseases are those with central nervous system (CNS) manifestations including
neurodegeneration, impaired axonal transport, synaptic dysfunction, and neuroinflammation®”*. This group
of diseases include alpha- and beta-mannosidosis, fucosidosis, globoid cell leukodystrophy,
glucocerebrosidosis, GM1- and GM2-gangliosidoses, mucolipidosis II, the mucopolysaccharidoses (I, IL, III,
VII), neuronal ceroid lipofuscinosis, acid sphingomyelinase deficiency, and Niemann-Pick disease type C°.

A review of how large animal models contribute to the development of therapies for these diseases has been
published®.
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Here we have chosen to focus on how a single lysosomal disease affecting cats, Niemann-Pick disease, type
C1 (NPC disease), has contributed to therapy in human patients and how studies in the NPC1 cat have
impacted veterinary care. NPC disease in human patients is characterized by progressive ataxia, dementia,
gaze palsy, dysphagia, hepatopathy, and early death” . Dysfunction of the NPC1 protein, which is present in
the lysosomal membrane, prevents lysosomal fusion with endosomes and autophagosomes''? resulting in
lysosomal storage of cholesterol and sphingolipids!**'” as well as impaired export of lipoprotein-derived
cholesterol. The disease manifests in several forms associated with age of onset"**°:: perinatal presentation
characterized primarily by hepatosplenomegaly and cholestatic icterus; early infantile presentation
characterized by hepatosplenomegaly, delayed motor development, spasticity, and intention tremor; late
infantile/juvenile presentation characterized by ataxia, intellectual impairment, dysarthria, dysphagia,
seizures, and vertical supranuclear gaze palsy; and adult presentation characterized by dementia, psychiatric
symptoms, ataxia, and dystonia”. Histologic abnormalities include neuronal vacuolization, Purkinje neuron
death, neuroaxonal dystrophy, gliosis, and CNS inflammation!"'>1*-2?I,

STUDIES IN NIEMANN-PICK DISEASE, TYPE C1 CATS

A 9-week-old domestic short-haired kitten presented to the Cornell University College of Veterinary
Medicine with signs of progressive cerebellar ataxia beginning at 6 weeks of age®. At histopathological
review, the CNS showed diffuse vacuolization of many neuronal populations, neuroaxonal dystrophy, and
gliosis. Lysosomal storage was extensive in lung, liver, and lymphoid tissues. Liver and brain showed
accumulation of cholesterol, sphingomyelin, and glycolipids (glucosylceramide, lactosylceramide, GM2 and
GM3 gangliosides). Cultured fibroblasts had a decreased ability to esterify exogenous cholesterol. Clinical,
morphological, and biochemical findings suggested a diagnosis of NPC disease most similar to the juvenile-
onset form™. A breeding colony was established at Colorado State University where natural history studies
and further histological studies identified progressive Purkinje neuron death and meganeurite formation
with ectopic dendritogenesis as characteristics of the disease">***”). Dietary cholesterol restriction was
ineffective at ameliorating disease®, while oral administration of miglustat, an inhibitor of glucosylceramide
synthase resulting in the reduction in the biosynthesis of glucosylceramide and complex glycosphingolipids,
to three post-symptomatic cats delayed the onset and progression of cerebellar dysfunction"?. In 2003, NPC
disease in these cats was identified as being due to a spontaneously-occurring missense mutation in NPC1
(p.C955S; ¢.2864G>C substitution)™,

The breeding colony moved to the RCAM in 2005 and subsequently moved to the University of Florida in
2023. In the last 20 years, a more extensive natural history study was performed describing onset of specific
neurological deficits, patterned Purkinje neuron loss, peripheral and central demyelination, pulmonary
abnormalities, as well as progressive hepatic disease in affected cats"***. Biomarkers of disease presence and
progression were identified**°). Therapy trials followed. In 2012, a larger study showed the
pharmacokinetics and activity of orally-administered miglustat in slowing feline NPC disease progression,
increasing lifespan, decreasing GM2 ganglioside accumulation, improving Purkinje neuron survival, and
modulating microglial immunophenotype and function*”. In 2015, a study showed biweekly intrathecal
administration of 2-hydroxypropyl-beta-cyclodextrin (HPBCD), a small molecule capable of binding to and
exporting accumulated lysosomal cholesterol, to presymptomatic cats prevented the onset of cerebellar
dysfunction for greater than a year (untreated cats do not live beyond 30 weeks), reduced Purkinje neuron
loss, and resulted in near normal concentrations of brain cholesterol and sphingolipids. An elevation of
hearing threshold was a notable adverse event'* /.,

Gene therapy studies in the NPC1 cat are ongoing in hopes of providing consistent expression of a functional
protein to Purkinje neurons as was done in rodents'***”. In these studies, affected NPC1 kittens are being
dosed intrathecally at the cisterna magna at a pre-symptomatic age of three weeks old with an
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Adeno-associated virus serotype-9 (AAV9) vector carrying a copy of the feline NPC1 gene. Preliminary
findings are encouraging and the hope is Purkinje neurons may express functional protein and neuronal loss
may be avoided.

HOW STUDIES IN THE NPC1 CAT BENEFIT PEDIATRIC PATIENTS

Preclinical testing of HPBCD in the NPC1 cat model had a major positive impact on the development of this
drug for the treatment of individuals with NPC disease. Clinical, laboratory and pathological safety data from
NPC1 cats treated with HPBCD was a key component of the initial Investigational Drug Application to the
Food and Drug Administration (FDA). These preclinical studies identified ototoxicity as a major toxic effect
and not only allowed for integration of appropriate audiological testing into the phase I/II clinical
triall*>#>#*) but also allowed the FDA, Institutional Review Boards and parents to make an informed
decision with respect to the risks and potential benefit of this investigational drug. The marked efficacy of
this drug that was demonstrated by videos of treated NPC1 cats, clearly demonstrated the potential clinical
efficacy. The NPC1 cat model also provided invaluable data with respect to determining drug dosing and
proof of concept that 24(S)-hydroxycholesterol, an oxysterol reflective of neuronal cholesterol homeostasis,
could serve as a pharmacodynamic biomarker to guide dose escalation in the phase I/II trial****). In addition,
biomarker studies in the HPBCD treated cats demonstrated that calbindin-D, a biomarker reflective of
Purkinje neuron damage, could be used to monitor biochemical efficacy®**). Knowledge of ototoxicity,
availability of biomarkers, and demonstration of clinical efficacy was invaluable in translating laboratory
studies to a clinical trial.

HOW STUDIES IN THE NPC1 CAT BENEFIT CARE OF VETERINARY PATIENTS

In most cases, the signalment, history, clinical signs, and basic laboratory findings suggest the presence of a
lysosomal disorder and the breeder or veterinary practitioner will contact a genetic testing lab. Typically, at
the metabolic screening lab, urine and serum samples are examined for abnormal metabolites and the
presence or absence of specific lysosomal enzymes and together with the clinicopathological findings, a
diagnosis, or at least a list of differential diagnoses, is made. Whole genome sequencing has allowed for
quicker and accurate discovery of disease-causing variants in specific genes. Once a diagnosis is made, DNA-
based testing is then provided by the laboratory that developed the test or passed on to larger commercial
laboratories. This provides the tools to test related animals to determine their genotypes. Testing then allows
the breeder or veterinarian to make informed breeding decisions, not only to prevent the production of
affected animals but also to allow carrier animals to be bred to homozygous normal animals to retain
otherwise excellent genetic potential in the carrier animal.

For feline NPC disease, genetic screening is only performed once clinical signs have developed and testing is
limited to the c.2864G>C substitution® or for the only other identified mutation in a single cat where
clinical signs were not described*”’. The prevalence of the disease in cat has not been determined but
evidence suggests it is rare.

Treating feline NPC disease

Once a definitive diagnosis is made, therapeutic intervention is discussed but is unlikely to be pursued. Why?
Orally-administered miglustat is an option, however, miglustat therapy in children costs over $300,000/year,
making cost a significant limiting factor”®. Cyclodextrin is a less expensive option, however, the need for
biweekly intrathecal administration makes therapy highly inconvenient; also, disease amelioration is
considerably less when administered post-symptomatically*”. What about gene therapy - a one-time, albeit
expensive therapy that has proven safe and effective in many studies in cats'***? Affected animals could be
tested for the absence of neutralizing antibodies to specific AAV serotypes. Then, species-specific,
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codon-optimized NPC1 cDNA could be delivered intrathecally in a suitable AAV vector potentially under
the control of a constitutive promoter to express functioning wild type protein as had been done in other
lysosomal disease™. Voila - animal is cured. Well, not exactly... gene therapy, as well as other treatments for
neurodegenerative diseases, are most effective prior to the onset of significant clinical signs®; however, most
client-owned animals would be substantially affected at the time of diagnosis and treatment institution. In
human patients, newborn screening is being developed in order to begin therapy prior to the onset of clinical
signs; newborn screening could potentially be done in veterinary patients assuming that previous litters
indicated the presence of NPC disease”. However, even if pre- or post-symptomatic therapy were effective
in slowing disease progression, pre-existing and/or acquired immune responses to either the vector or the
transgene product may limit the efficacy of therapy!*!. Finally, unlike many lysosomal diseases in which a
transduced/corrected cell can exocytose proteins to correct nearby untransduced cells (a process known as
“cross-correction”®), NPC1 protein is membrane-associated and is not exocytosed. Therefore, in order to
correct the entire NPC1 brain, each neuron must be transduced - a process not possible using the methods of
administration and the vectors that are currently available. To continue the argument, let’s assume that the
majority of Purkinje neurons are corrected in the treated cat brain and that ataxia does not develop.
However, the remainder of the brain’s neurons are uncorrected which can result in the future development
of non-cerebellar neurological dysfunction. In a canine model of globoid cell leukodystrophy, the authors
were disheartened that insufficient dosing of AAV did indeed reduce ataxia in affected animals, however,
these animals became blind and developed severe behavioral abnormalities - not an outcome that would
benefit a client'®. Clearly, effective gene therapy of many diffuse neurodegenerative diseases, particularly
those where cross-correction does not occur, has not yet been realized in animals with large brains.
Improvements in global delivery, immune reactivity, as well as in cost must occur before NPC1 gene therapy
could be considered in pets.

Imagining cost-effective, convenient therapies for feline and human NPC disease involves identifying
compounds that either (1) allow significant amounts of partially functioning protein to reach its site of
activity, or (2) affect downstream targets ideally those that influence disease pathways common to other
neurodegenerative diseases such as neuroinflammation and autophagy!*>*.. In the first instance, chaperones
may be administered in order to increase the amount of mutant NPC1 protein that escapes endoplasmic
reticulum (ER)-degradation and ER-targeted macroautophagy and instead makes it to the lysosomal
membrane where even partial activity can affect disease. These proteostatic modulators are currently being
discovered and evaluated and could be used to treat several diseases caused by missense mutations'*.
Alternatively, drugs that affect neuroinflammation or autophagy may be useful in treating NPC disease.
These compounds include oral rapamycin, capable of restoring microglial homeostasis'®”; oral efavirenz,
capable of ameliorating neuronal cholesterol turnover'®”’; oral arimoclomol, working presumably through
both increasing the pool of trafficked NPC1 protein and by rescuing impaired autophagy'; or oral N-acetyl-
L-leucine, mitigating dysfunctional lysosome fusion and trafficking'®. Although these compounds have not
been tested in feline NPC disease, the recent FDA approval of both arimoclomol and N-acetyl-L-leucine for
human NPC patients may support their use in the treatment of affected cats.

Treating other CNS diseases of cats and dogs

If feline NPC disease is more likely to be managed by the decreased production of affected animals than by
therapy, how else might studies in the cat help veterinary patients? It is very likely that the data on calbindin-
D as a biomarker and the outcome of AAV-mediated gene therapy studies will impact the therapy of one
specific class of neurological disorders seen in veterinary clinics: the hereditary ataxias. Hereditary ataxias are
a group of neurodegenerative diseases characterized by cerebellar dysfunction; these diseases have no
effective therapy”. The NPC cat model has shown that spinal fluid concentrations of calbindin-D is an
effective biomarker of Purkinje neuron loss"” - this diagnostic test could be used to both identify hereditary
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ataxias with Purkinje cell loss, as well as to monitor the efficacy of therapies. Although not discussed above,
other biomarkers including plasma neurofilament light chain are also being evaluated in the feline model
that could contribute to markers of neurodegeneration in veterinary patients'”". Regarding therapy, AAV9
and AAVrhi1o vectors have shown a great propensity to transduce Purkinje neurons following intrathecal
administration in both the dog and cat'>***”. These data provide proof-of-concept for the future therapy of
hereditary ataxias in which Purkinje cell dysfunction or death are prominent features. In these ataxias, the
failure of gene therapy to transduce all brain neurons is less important since the disease is primarily limited
to the cerebellum. Finally, the efficacy of N-acetyl-L-leucine to positively affect the ataxia of NPC disease in
human patients should support its evaluation in the treatment of other ataxias.

CONCLUSION

Much work has been done in cats with NPC disease that has helped us to understand the pathogenesis and to
develop treatments for this disease. If affected cats could be identified prior to or early in the onset of clinical
signs, treatment would be possible if drug/biologic costs were controlled. It is more likely that information
acquired on biomarkers of Purkinje cell death and on modulations of pathways common to other
neurodegenerative diseases, such as neuroinflammation and autophagy, will help in developing treatment
strategies for hereditary ataxias.
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