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Abstract

Neurodegenerative diseases (NDs), such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's
disease (HD), and amyotrophic lateral sclerosis (ALS), are pathologically characterized by progressive loss of
selective populations of neurons in the affected brain regions and clinically manifested by cognitive, motor, and
psychological dysfunctions. Since aging is the major risk factor for NDs and the elderly population is expected to
expand considerably in the coming decades, the prevalence of NDs will significantly increase, leading to a greater
medical burden to society and affected families. Despite extensive research on NDs, no effective therapy is
available for NDs, largely due to a lack of complete understanding of the pathogenesis of NDs. Although research
on small animal and rodent models has provided tremendous knowledge of molecular mechanisms of disease
pathogenesis, few translational successes have been reported in clinical trials. In particular, most genetically
modified rodent models are unable to recapitulate striking and overt neurodegeneration seen in the patient brains.
Non-human primates (NHPs) are the most relevant laboratory animals to humans, and recent studies using NHP
neurodegeneration models have uncovered important pathological features of NDs. Here, we review the unique
features of NHPs for modeling NDs and new insights into AD, PD, and ALS gained from animal models, highlight
the contribution of gene editing techniques to establishing NHP models, and discuss the challenges of investigating
NHP models.
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INTRODUCTION

Neurodegenerative diseases (NDs) represent a group of devastating neurological disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s
disease (HD). NDs are characterized by progressive loss of specific populations of neurons in the affected
brain regions. NDs always manifest clinical symptoms in old age. As the life span and global population
increase, the number of ND patients is expected to rapidly rise in the coming decades'*.

At present, no therapy can reverse, halt, or slow NDs, although a lot of progress has been made in the past
decades. One of the important reasons for the failure to effectively treat NDs is that the pathogenesis of NDs
is still an enigma. Although most (> 90%) NDs are sporadic, small populations of familial NDs are found to
carry genetic mutations. Identification of these genetic defects enabled the generation of gene-modified
animals, which provide important animal models for us to investigate the pathogenesis of NDs™*. Of these
animal models, rodents are widely used and serve as essential animal models for investigating almost all
types of NDs, largely because of their small size, fast breeding, and short generation time, as well as the
available embryonic stem cells (ESC) that allow for genetically modifying endogenous rodent genes
efficiently. As a result, several ND rodent models have been created, and investigation of these animal
models has generated a wealth of information regarding the pathological changes and mechanisms of NDs.
Although most rodent models can recapitulate the important pathological hallmarks of NDs, overt neuronal
loss is often missed”, making it difficult to use rodent models to rigorously evaluate therapeutic effects on
neurodegeneration. In line with this scenario, most therapeutic trials based on findings from rodent NDs
models have failed clinically’. NHPs are closer to humans than other species of animals, especially in their
brain structure and function, as well as the aging process””'*. Recently, several NHP ND models have been
generated and provided new insights into ND pathogenesis. Here, we review the strengths of NHPs for ND
investigation, highlight new pathogenic insights offered by NHP models of NDs with a focus on AD, PD,
and ALS, and discuss challenges and perspectives for future studies.

UNIQUE ADVANTAGES OF NHPS FOR ND INVESTIGATION

The brain is the most complex and delicate organ of mammals, responsible for information reception,
procession, decision making, and organism behavior. During evolutionary progress, primates developed a
sophisticated central never system (CNS), leading to the most intelligent human being"". Laboratory NHPs
primarily consist of cynomolgus (Macaca fascicularis), rhesus (Macaca mulatta), and marmoset (Callithrix
jacchus). The first two are old world monkeys belonging to the macaque genus, descended from the same
ancestor 1.8 million years ago"”, and share the same ancestors with humans around 30 million years ago,
while the mouse was divergent from humans 70 million years ago”. Macaque monkeys are more proximal
to humans phylogenetically and more widely used in biomedical research due to their unparalleled high
level of similarity with humans in the following important aspects.

First, there is a tremendous similarity in brain structure between macaque monkeys and humans. Human
and monkey brains are full of gyrus and sulci at the outer surface, whereas rodent brains lack the important
feature of gyrification!'
humans, these differences do not exist in monkeys when compared with humans. For example, the
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|. While there are several differences in brain anatomy between rodents and

striatum, which is particularly affected in Huntington’s disease, is divided into caudate and putamen in both
). The similar brain
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monkey and human brains but lacks these two distinct parts in rodent brains'
anatomy and structure in humans and non-human primates are likely due to the similar timelines for brain
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development. For example, the complete formation of CNS in humans and macaque monkeys before birth
requires about 280 and 160 days, respectively, which is significantly different from the rapid formation of
the mouse brain in 18 days [Table 1]. In addition, the postnatal primate (macaques and human) brain takes
several years to reach maturation, while the rodent brain needs less than half a year”". Adult neurogenesis is
kept in the subventricular zone and subgranular zone of the hippocampus in mice throughout life, while it
is controversial in primates®**..

Second, the composition and morphology of cell types in the human brain are more similar to those in the
monkey brain than in small animal brains® . Astrocytes and microglia collaborate to sustain brain
environment homeostasis, and they also play important roles in aging and neurodegeneration . The
soma size and morphology of glial cells, as well as their ratio to neurons in mice, differ significantly from
those in the primate”"*?. For example, astrocytes in the non-human primate brains develop more abundant
processes in the same manner as human astrocytes than those in the mouse brain™*". Astrocytes are a core
element of the blood-brain barrier (BBB), which works at the interface of capillary blood vessels and
cerebral parenchyma, stringently regulating the materials exchange"””**. BBB breakdown is a hallmark event
in several degenerative diseases. Positron emission computed tomography (PET) radiotracers®* and
recent adeno-associated virus (AAV)-mediated transgene™*"*” studies have revealed the special role of the
NHP BBB in expressing and distributing transgenes. Glial cells are essential for the survival of neurons by
both providing neurotrophic, nutritional, and structural support and removing toxic insults****. It has been
well documented that glial dysfunction plays a critical role in NDs""*". Similarities in glial cells between
non-human primates and humans are obviously an advantage for NHP models of NDs.

Non-human primates also closely resemble many aspects of humans in genomic regulation, aging process,
metabolism, and physiology. The monkey genome holds more variations among individual alleles, offering
a more faithful genomic context to interrogate molecular pathogenesis. For example, genome-wide
association studies have established that the first genetic risk factor for AD is the APOE &4 allele, which is
present in primates but absent in rodents"**.

Non-human primates are particularly useful for examining behavioral abnormalities that also occur in NDs.
It is well known that depressive behavior and cognitive impairment are the common features of patients
with NDs. These phenotypes, which are hardly assessed in small animal models, can be evaluated in
monkeys using well-established behavioral assessments™**').

NHP models of AD

AD is the most common neurodegenerative disease, the sixth leading cause of death, and 7%-8% of people
over age 65 have AD"*\ The typical clinical symptoms of AD consist of memory loss, cognitive
dysfunction, and mental as well as behavioral abnormalities*". Extracellular senile amyloid plaques and
intracellular neurofibrillary tangles (NFTs) are two pathological hallmarks of AD. In addition, cerebral
amyloid angiopathy, demyelination, neuroinflammation, brain atrophy, and synaptic ion dyshomeostasis
are frequently detected in association with AD pathology"”. More than 90% of AD patients are sporadic
with amnesic manifestation in the mid-60s or later, while fewer than 10% of AD cases are familial form with
early-onset symptoms caused by genetic mutations in the amyloid precursor protein (APP), presenilin 1,
and presenilin 2 genes®*””. Based on these genetic findings, numerous transgenic mouse models expressing
familial mutations driven by various promoters have been created””. However, although prominent Ap
deposition can be seen, obvious Tau accumulation, the other pathological hallmark, is hardly seen in these
mouse models® . Further, these A transgenic mouse models do not develop overt and robust
neurodegeneration as seen in patients with AD'*>*”. Because brain imaging data indicate that symptom
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Table 1. Comparison of CNS features across species

Species Human Macaque Mouse
Life span (years) 70-90 30-40 ~2

New striatum Yes Yes No
Gestation (days) 280 155 18
Behavior reservoir large Moderate Small
BBB permeability Strict Moderate low
Gyrification Yes Yes No
Circadian Diurnal Diurnal Nocturnal
Cortex thickness (mm) 4-5 2-3 1

Inter cortex communication High Moderate low
Naturally developed AD, PD pathology Yes Yes No

CNS: Central never system; BBB: blood-brain barrier; AD: Alzheimer's disease; PD: Parkinson's disease.

4 several mouse

deterioration of AD correlates with Tau aggregation more tightly than AB deposition
models expressing human Tau were established' . Some Tau transgenic mice show no obvious neuron
loss, even after being crossed with A mouse lines'®”. Many attempts have also been made to recapitulate
AD pathogenesis in the minipig"*”, but no typical pathology was detected in a three-year longitudinal

study”". Thus, these findings underscore the urgent need to establish a better AD model>”).

Recent investigations have found that primates can naturally develop amyloid plaques and NFTs in old
age!
strongly suggesting that monkeys possess unparalleled physical context for the occurrence of late-onset
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. Importantly, the Tau pathology initiates and is spread in the same manner as that in AD patients,

sporadic AD">””. Since toxic chemicals in the environment may contribute to AD pathogenesis, Yang et al.
performed methanol administration to induce an AD monkey model””. Several investigations attempted
to make AD models by intracerebral or lateral ventricle administration of synthetic or patients’ Ap

78,79

oligomers (ABO), which results in early pathological events, including reduced spines, increased
inflammation, and synaptic dysfunction, but with no amyloid plaques or NFTs"**\. Since young animals
were used in these studies, aging may be an important contributor to the appearance of typical AD
pathology. A recent study achieved a remarkable and widespread distribution of massive Ap aggregate
across the entire brain via single focal delivery of synthetic ABOs into cerebral parenchyma, which triggered
neuroinflammation and slight Tau phosphorylation, although no brain atrophy or cognition decline was
detected™!. Since Tau hyperphosphorylation and aggregation are considered more cardinal factors for
dementia severity'
cortex, a region in which early AD pathology initiates, was tried to create an AD model. Interestingly,
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|, injection of AAV expressing mutant human Tau into the monkey entorhinal

exogenous Tau is spread into various brain regions, highly reminiscent of the AD patient brain, causing
disease markers related to AD to rise in blood and CSF*. However, no functional examination was
presented in studies of this AD monkey model. Because aging is the major risk for AD, more longitudinal
studies of the above AD monkey models may reveal the relationship between behavioral phenotypes and
pathological changes.

NHP models of PD

As the second most common neurodegenerative disease, Parkinson’s disease (PD) affects more than 6.1
million people worldwide"™. PD is clinically recognizable for dyskinesia, such as resting tremor, rigidity,
poor balance, and bradykinesia, and it also frequently presents with constipation, hyposmia, and cognitive,
psychiatric, and sleep problems'”. Pathologically, PD is caused by progressive loss of substantia nigra (SN)
dopaminergic neurons, which results from the intracellular accumulation of u-Synuclein, namely Lewy
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bodies or Lewy neurites®. Similar to AD, most PD cases are sporadic, but roughly 10% of cases are familial,
caused by mutations in the genes encoding a-Synuclein, PINK1, Parkin, LRRK2, and DJ-1"!. Accordingly,
many genetically modified mouse models were developed to carry the PD gene mutations, but none of them
can recapitulate the dopamine neuron degeneration in PD""\.

PD has long been considered as a human-specific disease; however, recent studies revealed that aged NHPs
display prominent synucleinopathy®", and a monkey naturally showing PD symptoms was identified”?,
underlining the great potential of NHPs for PD research. Due to technical difficulties in generating
transgenic NHP PD models, most NHP models for PD were generated using chemical toxins. 6-
hydroxydopamine (6-OHDA) (a hydroxylated analog of dopamine) or 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) can selectively target SN dopaminergic neurons*", inducing typical behavioral
manifestations despite the absence of Lewy pathology. Since the 1980s, the MTPT-induced monkey model
has been prevalent for drug and therapy tests”. However, phenotypes of this toxin-induced model are
unstable and do not exactly mirror slow disease progression. Recently developed protocols attempt to
address this issue by stereotaxic injection of MPTP into multiple SN sites"”. Interestingly, in a monkey
model with repeated MPTP administrations, alpha synucleinopathy was detected”, which opens up a new
avenue for researchers to establish a better PD animal model.

Since a-Synuclein is the core component of Lewy bodies, many attempts have been made to generate NHP
models by overexpressing human mutant a-Synuclein in the monkey SN"”. Highly efficient expression of
As53T o-Synuclein in SN can be achieved by stereotaxic brain injection, giving rise to pathological hallmark
Lewy neurites that can be detected four months post-surgery and loss of over 50% dopaminergic
neurons””. However, no motor dysfunction and a-Synuclein spreading are displayed””. A longitudinal
study of disease progression with this model in the future may bring novel insights. An a-Synuclein
transgenic PD monkey model carrying a clinical mutation was generated by expressing mutant transgenes
in fertilized embryos with lentivirus, and these monkeys showed impaired finger coordination and cognitive
dysfunction at three years of age!™. Because PD is an age-dependent disease, Yang et al. performed
intracerebral injection of mutant o-Synuclein into the SN in monkeys at different ages and found that aging
greatly promotes the accumulation of a-Synuclein and alpha synucleinopathy.

As described above, all genetically modified mouse models of PD are unable to develop degeneration of
dopamine neurons, a key pathological hallmark™ ™. However, recent studies on establishing PINK1-
targeted monkeys via CRISPR/Cas9 indicate that severe neuronal loss occurs in the monkey brains when
PINK1 is lost"***”l, PINK1 mutations cause autosomal recessive PD with early-onset manifestation. Because
of the loss of function mechanism for PD with PINK1 mutations, several groups tried to create PD monkey
models by CRISPR/Cas9-mediated PINK1 knockout in fertilized monkey embryos"****. It seems that a
large DNA fragment deletion in the PINK1 gene mediated by CRISPR/Cas9 can lead to a severe loss of
neurons in the monkey brain"*'*l. However, most PINK1 mutations in humans are point mutations that
may partially affect PINK1’s function to cause age-dependent neurodegeneration. Thus, CRISPR/Cas9-
mediated deletion of PINK1 may completely eliminate the function of PINK1, allowing identification of its
critical role in neuronal survival in the primate brain"*. Indeed, Chen et al. used a single strand cutting
enzyme D10A nickases to target monkey PINK1 but did not find PD symptoms in the generated monkey
model"”. Conversely, focal disruption of the PINK1 and DJ-1 genes in the adult monkey brain was able to
mimic some PD pathology*, suggesting that both types of genetic mutations and aging could be important
for developing PD phenotypes in monkeys.
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NHP models of ALS

ALS is a rare and fatal neurodegenerative disease caused by progressive loss of motor neurons in the brain
and spinal cord, leading to muscular atrophy and movement disorder"*. The prevalence of ALS is around 6
cases per 100,000, with a preference for elderly Caucasians””. Similar to AD and PD, most ALS patients are
sporadic, and about 5%-10% of cases are caused by gene mutations. Mutations in the genes encoding TAR
DNA-binding protein 43 (TDP-43), superoxide dismutase 1 (SOD1), fused in sarcoma (FUS), and
C90ORF72 can result in ALS"™'*). TDP-43 is a nuclear protein that is involved in a variety of cellular
functions, including gene transcription, RNA processing, and protein homeostasis"'*"""\. In addition to ALS,
TDP-43 mutation is also associated with frontotemporal lobar degeneration (FTLD), as well as other
neurological disorders and pathological conditions. Of the pathological changes in these diseases,
cytoplastic TDP-43 accumulation is the common hallmark'>"**. Normally, TDP-43 is located in the nuclei
but redistributed in the cytoplasm under pathological conditions. Mislocation of TDP-43 in the cytoplasm
could lead to loss of function in the nuclei and toxic function in the cytoplasm"*..

Several transgenic mouse models have been established to investigate ALS pathogenesis"'*""”, but most fail
to recapitulate the cytoplasmic mislocation of TDP-43""*""". This phenomenon thus encourages the
establishment of new ALS animal models using large animals. A TDP-43 transgenic pig model created by
expressing mutant TDP-43 in fertilized eggs displayed the cytoplasmic distribution of TDP-43"". In
addition, a macaque monkey model, which was generated by stereotaxic delivery of a viral vector expressing
mutant TDP-43 into the cortex and substantia nigra, showed the cytoplasmic distribution of mutant TDP-
43, which is in contrast to the nuclear distribution of the same transgenic mutant TDP-43 in the mouse
brain"'”. This finding is consistent with the previous report that exogenous mutant TDP-43 is distributed in
"l Thus, TDP-43-mediated neuronal pathology is
apparently dependent on species-specific factors. In support of this, primate-specific caspase-4 is found to
be responsible for the cleavage of mutant TDP-43 and its cytoplasmic accumulation"'”. Comparing mouse
and monkey models of ALS also highlights the importance of using non-human primates to investigate
NDs.

the neuronal cytoplasm in the monkey spinal cord!

119

NHP models of HD

HD is an autosomal dominant neurodegenerative disease with full penetration, as well as a rare inherited
monogenic disease with varied prevalence across the world. The Asian population has the lowest incidence,
while Western countries have a much higher prevalence. HD is pathogenically caused by CAG repeat
expansion (> 36 CAGs) in exon 1 of the HD gene, which is translated to the polyglutamine (polyQ) repeat
in the protein huntingtin (HTT)"*""*?.. The polyQ expansion renders HTT to misfold and aggregate in the
patient’s brain, resulting in the preferential loss of the medium spiny neurons in the striatum and extensive
neurodegeneration in various brain regions as the disease progresses"*”. Clinically, HD is characterized by
involuntary movement, called chorea. This symptom usually appears in middle life, and disease onset,
progression, and severity correlate with polyQ number. Currently, there is no effective therapy available for
HDU,

Dozens of HD rodent models carrying various lengths of CAG repeats have been generated. However, none
of them can mimic overt progressive striatal neuron death"***|, The transgenic HD monkey model is the
1 created by lentivirus injection into fertilized embryos.
Lentivirus mediates transgene insertion into the host genome at random sites with uncontrollable copy
numbers"* such that the transgenic HD monkey model generated by this protocol displayed overt
phenotypic heterogeneity. Among the first transgenic HD monkeys, animals with 84 CAG repeats showed
severe phenotype at the early postnatal stage, while mice carrying the same length of CAG repeats merely

first gene-modified monkey disease model'

displayed subtle symptoms'*'*.. However, lentivirus-mediated transgene expression is germline
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transmissible with a stable expression level"”"*

.. Importantly, the offspring of the founder animal displayed
CAG repeat instability, a critical feature of HD"*. In subsequent longitudinal investigations, researchers
further revealed that this model could resemble progressive striatal and hippocampal morphometric

changes as well as motor and cognition impairment, similar to clinical observation**"*.

Recently, several transgenic swine HD models were also generated"*”"*; these models also showed more
obvious neurodegeneration and motor disorders than that of mice with the same length of CAG repeats.
Through CRISPR/Cas9-mediated knock-in (KI) on pig fibroblast cells and somatic cell nuclear transfer
technique, a HD KI pig model was successfully created"*”. This model expresses 150 CAG repeats under the
endogenous HTT promoter, leading to selective neurodegeneration as well as movement disorders,
effectively mimicking typical HD pathology and clinic features. Importantly, similar to the transgenic HD
monkey, the HD KI pig is also inheritable*”, making it possible to generate a large number of HD pigs in
the future based on the potent reproductive capability of swine. Although the HD KI pig seems to be an
ideal model, the macaque monkey model is more suitable for investigating emotional and psychiatric
activity. Thus, combining HD pig and monkey models will bring us deeper insight into HD pathogenesis as
well as advances in HD therapy.

CHALLENGES AND SOLUTIONS

With the development of gene editing technology, especially CRISPR/Cas9, several NHP models of NDs
have been established and offer new insights into pathogenesis. For example, aging has been confirmed to
be critical for age-dependent neurodegeneration, as expressing the disease proteins (Amyloid-p, Tau, and
a-Synuclein) in the brains of old monkeys can faithfully recapitulate neuropathology"*>*®. Investigations on
NHP models of NDs also revealed that species-dependent factors are critically involved in important
pathological events. Depletion of PINK1 can lead to severe neuronal loss in the monkey brain but not in the
mouse brain, which is largely due to abundant expression of PINK1 in the primate brain and undetectable
level of PINK1 in the rodent brain"**"**. The lack of cytoplasmic distribution of mutant TDP-43 in most
mouse models is perhaps due to the absence of caspase-4, a primate-specific enzyme that can cleave TDP-43
to cause truncated TDP-43 to move from the nucleus to the cytoplasm"™. With more in-depth studies and
the establishment of additional non-human primate models of NDs, greater advances are expected, which
will bring new insights into disease pathogenesis.

Despite the great progress that has been made, NHP models of NDs have not been used at a large scale. One
key hurdle is that most models are hard to scale up for widespread application. Due to relatively low
reproductive capability, a longer time for sexual maturity, and the absence of germline integrating ESC, it is
challenging to generate NHP models by following rodent protocols to knock-in or knock-out the
endogenous genes in one-cell stage embryos”. Although cloning of the macaque monkey!*, especially by
somatic cell nuclear transfer””"*", has been demonstrated to be feasible, the efficiency is suboptimal and
remains to be improved. Since many NDs are caused by point mutation, newly emerging base editing and
prime editing tools"*>'"*"! will facilitate the generation of better animal models that can precisely mimic
human genetic mutations. Recent research indicates that appropriate small molecules are able to direct
human ESC to the early stage blastomere state*'), suggesting the opportunity to implement a germline
integration strategy in non-human primates [Figure 1].

Aging is the biggest risk factor for ND incidence. When investigating animal models generated from
germline genetic manipulations, the animals are likely to show phenotypes and neuropathology when they
become old. In this regard, any treatments that can promote the aging process should presumably facilitate
the development of disease phenotypes. Considering the high cost for maintaining non-human primates
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Figure 1. With the optimization of transgene and somatic cell nuclear transfer technique in non-human primate, more and better
neurodegenerative disease monkey models will be generated in the future, which will in turn lead to promotion of molecular
pathogenesis studies as well as treatment strategies such as drug development and gene therapy.

and their longer life span, it would be more appropriate to use monkeys at old ages to investigate NDs.
Because NDs selectively affect distinct brain regions or specific types of neurons, it is feasible to selectively
introduce genetic mutations in these brain regions or specific types of neurons by stereotaxic injection of
viral vectors that can efficiently transduce neuronal cells. Recent studies using such a strategy have
demonstrated its feasibility and generated several monkey models of NDs to offer novel findings that could
not be obtained from small animal models®*'**'**!. Investigation of the neuropathology and mechanisms
underlying selective neurodegeneration in non-human models should provide highly valuable information
regarding pathogenesis for sporadic and familiar NDs, as both types of NDs share the same pathological and
behavioral phenotypes. Uncovering the primate-specific factors that contribute to selective
neurodegeneration is particularly important for the generation of humanized rodent models that can be
widely used to investigate NDs and develop their therapies.
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