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Abstract: Tauopathies comprise a spectrum of genetic and sporadic neurodegenerative diseases mainly characterized by the

presence of hyperphosphorylated TAU protein aggregations in neurons or glia. Gene therapy, in particular adeno-associated

virus (AAV)-based, is an effective medical approach for difficult-to-treat genetic diseases for which there are no convincing

traditional therapies, such as tauopathies. Employing AAV-based gene therapy to treat, in particular, genetic tauopathies has

many potential therapeutic benefits, but also drawbacks which need to be addressed in order to successfully and efficiently

adapt this still unconventional therapy for the various types of tauopathies. In this Viewpoint, we briefly introduce some

potentially treatable tauopathies, classify them according to their etiology, and discuss the potential advantages and

possible problems of AAV-based gene therapy. Finally, we outline a future vision for the application of this promising

therapeutic approach for genetic and sporadic tauopathies.
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AAV: Adeno-associated virus

AD: Alzheimer’s Disease

AGD: Argyrophilic Grain Disease

ASO: Antisense oligonucleotide

CBD: Corticobasal Degeneration

CDKG5: Cyclin-dependent kinase 5

CNS: Central nervous system

DM: Myotonic Dystrophy

ELISA: Enzyme-linked Immunosorbent Assay
FDA: US Food and Drug Administration

FTLD-TAU: Frontotemporal Lobar Degeneration with
Tauopathy

GoF: Gain-of-function

iPSCs: Induced Pluripotent Stem Cells
ITR: Inverted terminal repeats

LoF: Loss-of-function
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MAP: Microtubule-associated proteins

PiD: Pick’s Disease

PSP: Progressive Supranuclear Palsy

rAAV: Recombinant adeno-associated virus

RNAi: RNA interference

RPE65: Retinal-pigment epithelium-specific-65-kDa-
protein

SCAAV: Self-complementary AAV

shRNA: Short hairpin RNA

siRNA: Small interfering RNA

VUS: Variant of unknown significance

Introduction

TAU is a microtubule binding protein encoded in humans by the
gene MAPT, which is alternatively spliced to produce eight
isoforms, six of which are expressed in the human central
nervous system (CNS). Under normal conditions, TAU is
sorted into the axons likely due to several sorting mechanisms
(Zempel and Mandelkow, 2019), where it promotes
microtubule assembly and stability. However, in disease
conditions (e.g., Alzheimer’s Disease (AD), pathological TAU
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mutations, etc.) these sorting mechanisms malfunction, which
leads to mislocalization of TAU into the soma and dendrites.
Under pathological conditions, TAU missorting is associated
with TAU hyperphosphorylation and subsequent dissociation
from microtubules. Hyperphosphorylated TAU can form
insoluble aggregates called neurofibrillary tangles, the hallmark
of several neurodegenerative diseases known collectively as
tauopathies, the most frequent of which is AD (Zempel and
Mandelkow, 2014).

Tauopathies encompass a spectrum of neurodegenerative
diseases whose main feature is the presence of aggregated
deposits of TAU protein in the form of neurofibrillary or
gliofibrillary tangles (Goedert and Spillantini, 2017). Most
tauopathies present clinically as syndromes of cognitive
deterioration or movement disorders, or both (Murley et al,
2020). Several systems to classify tauopathies have been
proposed, but the diversity of their etiologies, pathomechanisms
and phenotypes leads to overlapping classifications. The
distinction between primary and secondary tauopathies is often
blurry, as in the case of AD, which is traditionally classified as a
secondary tauopathy, but mounting evidence suggests a central
role of TAU pathology in driving the pathomechanisms of the
disease. Only 1-2% of AD cases are familial, presenting a clear
genetic inheritance, and while the causes of the rest of AD cases
are poorly understood, the disease starts almost universally with
the accumulation of AP plaques and TAU tangles in the brain,
leading to neurodegeneration and loss of cognitive function
(Long and Holtzman, 2019). Moreover, imbalanced or altered
isoform expression alone of TAU can be causative for an AD-
like form of Frontotemporal Dementia (FTD), Frontotemporal
Lobar Degeneration with tauopathy (FTLD-TAU), and is
observed in several FTD-associated tauopathies, i.a. Progressive
Supranuclear Palsy (PSP), Corticobasal Degeneration (CBD),
PicK’s Disease (PiD), Argyrophilic Grain Disease (AGD) (Park
et al, 2016). Here, we subdivide major tauopathies into either
genetic diseases, in which proven inherited genetic mutations
are the cause of the disease, or sporadic or idiopathic diseases,
in which clear genetic causes are absent (Table 1) (For a more
extensive list see Zimmer-Bensch and Zempel, 2021), and
outline potential AAV-based gene therapy approaches.

Gene therapy aims to correct a genetic problem at its
roots, and focuses on gene modification to treat genetic
diseases by repairing or suppressing defective genes or
reintroducing functional ones (Kaji and Leiden, 2001). The
delivery of the therapeutic genetic material is usually
achieved via vectors, the majority of which are of viral
origin, although other non-viral methods do exist (e.g,
naked DNA, electroporation, lipoplexes, etc.), albeit with
reduced levels of transfection and therapeutic efficiency
(Ramamoorth and Narvekar, 2015).

As of 2021, over 3,180 gene therapy clinical trials were
conducted, with more than half of them in phase I. In 263 of
these trials (approximately 8.3% of the total number of gene
therapy clinical trials), AAV has been used as the vector of
choice for gene transfer, with 24 trials relevant to neurogenetic
diseases (Gene Therapy Clinical Trials Worldwide Database.
The Journal of Gene Medicine. Wiley 2021). Following the
approval of Spark Therapeutics’ Luxturna (for the treatment of
Retinal-pigment  epithelium-specific-65-kDa-protein(RPE65)-
mutation-induced blindness/retinitis pigmentosa) by the U.S.
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Food and Drug Administration (FDA) in 2017 as the first
AAV vector-based gene therapy, several gene therapies have
also received FDA approval, with Novartis’ Zolgensma (to
treat spinal muscular atrophy) being the second FDA-
approved AAV-based gene therapy.

The recombinant adeno-associated virus (rAAV) is the
standard vehicle of choice when it comes to AAV-based
gene therapy, renowned for its safety and efficacy. It is a 4.8
kb single-stranded DNA virus that comprises two inverted
terminal repeats (ITR) framing the expression cassette,
which contains either a constitutive or a tissue-specific
promoter that drives the transgene expression, and a polyA
sequence (Le Bec and Douar, 2006).

The current line of treatment for tauopathies is generally
supportive, aiming at symptom alleviation. A variety of efforts
have been made to develop drugs that manipulate TAU post
translational modifications or aggregation, or target TAU
immunologically via antibodies, but most of these trials have
shown varying, and sometimes disappointing, levels of
success (Coughlin and Irwin, 2017). The promise of gene
therapy is to cure the disease, improve symptoms, and stop
disease progression. Several studies have demonstrated
that TAU knockout mice have no obvious phenotype,
with Microtubule-associated proteins (MAP)/microtubule
functions being preserved probably via compensation by
upregulation of other MAPs (van Hummel et al., 2016).
Therapeutically, reducing TAU levels or its toxic gain-of-
function can be achieved by inhibiting TAU translation or
even by inducing alternative splicing in favor of one isoform
or the other, via the use of small interfering RNA fragments
(siRNA) or antisense oligonucleotides (ASOs) (DeVos et al.,
2017; Sud et al, 2014; Xu et al, 2014). While potentially
promising, delivery of siRNA and ASOs remains challenging,
and effects are limited to a few weeks or months, requiring
several administrations per year. Viral vectors, such as AAV,
can present an optimal medium to deliver not only RNAi
(RNA interference), but also serve as a vector for gene
replacement therapy with long lasting expression.

Viewpoint

With approximately 150 clinical trials completed (~50% with
met clinical safety and endpoints), more than 3000 treated
patients, only 9 serious adverse events and no related deaths
(Kuzmin et al., 2021), AAVs are the best choice for difficult-
to-treat neurological disorders, like genetic forms of
tauopathy. AAVs are not pathogenic, and some of their
serotypes have a natural tropism for the CNS (Serotypes 4,
5, 8, 9). Also, AAV expression can persist for decades in
neurons and other long lasting cells like cardiomyocytes
(which is relevant for tauopathies that also affect the heart,
e.g, Myotonic Dystrophy (DM) type 1 and 2), unlike
mitotically active cells in which AAV expression is lost
overtime (Sun and Roy, 2021). Tauopathies with clear genetic
causes would be prime targets for AAV-based gene therapy;
similar approaches have been tested in animal models of
other neurodegenerative diseases like Huntington’s disease
(Franich et al., 2008), and AAV2/8 have already been used to
deliver anti-TAU antibodies into the brain of P301S-tg-mice,
a model of frontotemporal dementia (Ising et al, 2017).



AAV-GENE THERAPY FOR TAUOPATHIES

849

TABLE 1

List of noteworthy examples of tauopathies with (epi)genetic etiologies or risk factors (Adapted from Zimmer-Bensch and Zempel (2021))

Disease Clinical description Etiology Potential Gene Tested species/Major

entity therapy approaches  findings

Familial Very heterogeneous group of age- Genetic: MAPT AAV-based silencing  Mouse: TAU reduction rescues
FTLD-TAU related tauopathies, including of MAPT (Wegmann neuronal damage

formerly FTDP17(t) and patients
diagnosed with PSP

Other forms

of FTLD- tauopathies, like CBD, PiD, AGD unclear
TAU (like) and others, most of which are

tauopathies  further subclassified

Progressive ~ Rare neurodegenerative disorder, Epigenetic:
supranuclear but a common atypical

palsy (PSP)  Parkinson’s syndrome with
cognitive, motor, behavior and
language abnormalities, often

misdiagnosed as AD

Heterogenous group of age-related Sporadic, (epi)genetic causes

Hypomethylation of MAPT
Genetic: MAPT Sporadic:
GWAS with loci close to
MAPT, STX6, EIF2AK3,
MOBP, DUSP, SLCO1A2,

et al., 2021)

Human neuroblastoma cell
lines, Mouse: Reduced TAU
protein levels up to 80%,
reduced susceptibility to
seizures

Antisense-mediated
exon skipping (Sud et
al., 2014)

AAV-mediated
silencing of MAPT
(Wegmann et al.,
2021)

Mouse: TAU reduction rescues
neuronal damage

RUNX2, i.a.
Myotonic Muscular dystrophy, often Genetic: AAV-delivered RNAi- Mouse:
Dystrophy ~ accompanied by intellectual Type 1: DMPK targeting of mRNA Reduced disease pathology in
(DM) disability, cardiac arrhythmia, Type 2: CNBP containing the muscles
endocrine disorders, and cataracts Mutations leading to repeat expanded repeat
expansions (Bisset et al., 2015)
Familial Age of onset usually between 40  Genetic: APP, PSENI, AAV-delivered Mouse:
Alzheimer and 70 years, fast progression PSEN2, up to ~75 risk CRISPR/Cas9 Decreased pathogenic AP and
Disease modifying genes mediated disruption of plaque load, restored synaptic
mutated APP (Gyorgy plasticity and rescued spine
et al., 2018), density deficits, enhanced
AAV-delivered memory
antibodies targeting A
(Kou et al., 2011),
AAV-based expression
of APPsa (Fol et al.,
2016)
Niemann Lysosomal storage disease with ~ Genetic: NPC1, NPC2 AAV delivery of NCP1 Mouse:
Pick Disease hepatosplenomegaly, progressive or 2 gene (Chandler et Increased lifespan, diminished
Type C dementia, ataxia, spasticity, and al., 2017) motor decline, reduced

premature death ranging from
infancy to late adulthood

cholesterol accumulation

These AAV-mediated gene transfer methods can be employed
to deliver shRNAs (short hairpin RNA) based on siRNAs that
suppressed the expression of P301S-mutated human TAU in
mouse primary neurons, leading to amelioration of
behavioural deficits in this mouse model of tauopathies (Xu
et al., 2014).

The potential therapeutic benefits of AAV-based therapy are
not exclusive to genetic tauopathies, but may be extended to
sporadic forms of those diseases, if pathomechanistic workup
reveals clear targets. AAV-delivered RNAI interference (RNAI),
eg, targeting of Cyclin-dependent kinase 5 (CDK5), a
major TAU kinase that contributes to pathological TAU
hyperphosphorylation, decreased the numbers of neurofibrillary
tangles in the brains of AD mice (Piedrahita et al.,, 2010).

Naturally, there are limitations (For notable advantages
and limitations of AAV-based gene therpay, see Box 1):
Although AAVs are considered non pathogenic, activation of

the host immune response can occur. Neutralizing antibodies
or other forms of immunity against certain serotypes (AAV1,
AAV?2) are present in up to 70% of the population (Mingozzi
and High, 2013). Although very young children are naive to
AAV exposure, maternal antibodies may restrict the use of
peripherally delivered AAVs to the age of approximately 7-
11 months (Calcedo et al.,, 2011). However, hardly any severe
adverse effects have been noticed in AAV-based gene therapy
clinical trials, with transient, and usually asymptomatic,
hepatitis being the most severe side effect (Kuzmin et al,
2021; Biining and Schmidt, 2015). Another issue is diseases
that require a high proportion of transduced cells in the
body, and for which much higher virus doses are needed to
achieve beneficial results. Such high doses can be toxic and
lead to liver failure and shock (Hinderer et al., 2018).

The diagnosis of pediatric forms of tauopathies and
neurogenetic diseases is usually based on unclear genetic
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evidence, which makes pinpointing a specific target for gene
therapy an exhausting task. On the other hand, in age-
associated tauopathies, brain damage that has already
happened at the disease onset is unlikely to be reversed with
AAV-based gene therapy. Yet, given the probable ability of
atrophic neurons to regenerate their normal function
(Huang et al, 2014), the timing of initiation of the
treatment would be a crucial factor in its success, with
patients with known familial tauopathies treated in the
presymptomatic phase having the highest chance of
benefiting from treatment (Martier and Konstantinova,
2020). This complicates clinical studies due to necessary
long-term follow up.

Vision of the Future

Several issues must be addressed for AAV-based gene therapy
to become useful for genetic forms of tauopathy and related
disorders.

Host immunity: One way to overcome host immunity
when using AAVs is to focus on recombinant viruses derived
from AAV-serotypes that i) are not serotype 1/2, and ii)
already have a natural tropism for the CNS (ie., serotypes
4,589, and for certain neuromuscular diseases with muscle
involvement also skeletal/cardiac muscle, i.e., serotypes 6,7,8,9),
and unconventional/novel AAVs already in clinical use/trials
(e.g. AAVrhl0, AAVrh74, LK200, AAVHSC15, SPK100,
AAVhu37). To further reduce the danger of neutralizing
antibodies/immunity, in case of pre-existing immunity against
certain serotypes, standard Enzyme-linked Immunosorbent
Assay (ELISA)-based serotesting or antibody titration of
patients for existing antibodies against the specified AAV-
serotypes could be used to identify the therapeutic serotype
window on a patient-by-patient basis, where adequate.

Toxicity and tropism: To further reduce the (already low)
risk of peripheral immune response or other possible
peripheral side effects (such as hepatic toxicity), and to reduce
the necessary amount of virus (also reducing production cost/
time), intrathecal delivery should be the preferred route of
administration for CNS specific disease. Other points to
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consider in order to avoid administering very high doses of
AAV can include designing new promotors and capsids that
enhance respectively the transgene expression and target tissue
specificity, dose adjustment based on patient-specific factors
and genetic predispositions, and the calculated administration
of immunosuppressive agents to eliminate neutralizing
antibodies (He et al, 2021). Further, modifying cap-proteins
could constitute an approach to set up a library of viruses
redundantly targeting CNS cells: Cap gene of AAV encodes
three capsid proteins, which interact to form the capsid. These
capsid proteins contain 12 hypervariable regions, and their
serotype determines the tropism of the AAV virus (Gao et al,
2003). Consequently, hybrid AAV particles, in which the
capsid is provided by one strain and the genome by another
or the capsid itself is the result of hybridized capsids from
different strains, can achieve more controlled and higher
specific tissue targeting (Burger et al., 2004). This will provide
a redundant battery of viruses from all specified serotypes with
different (CNS)-tropisms, with up to a 1000-fold higher
delivery capacity for specific cells compared to native AAVs
(Ravindra Kumar et al, 2020), dramatically reducing titer
necessity, potential toxicity and production cost/time.

Delivery: Interestingly, the tropism of different AAV
serotypes is not solely controlled by the capsid proteins, but
can also be influenced by the conditions of administration.
Different serotypes tend to show different tropism depending
on the route of delivery. For example, AAV9 showed higher
transduction efficiency of cardiomyocytes when injected via
the mouse tail vein, but this efficiency was reduced in
comparison to AAV6 when both were injected into the left
ventricle of the heart (Zincarelli et al, 2010). Moreover, age
of the host at the time of AAV administration can affect the
biodistribution of AAV particles; changing the time of
injection from the day of birth to later stages of development
shifted the tropism of several AAV serotypes from neuronal
to non-neuronal, respectively (Chakrabarty et al, 2013).
These factors should be considered carefully when designing
clinical trials for AAV-based gene therapy.

Human specific disease-relevant neuronal assay systems:
In case of necessity for a patient-specific genetic intervention

BOX 1

Notable advantages, limitations, and examples of possible technical solutions of AAV-based gene therapy

Advantages:

e Not pathogenic, unusual low rate of side- and adverse effects.

o Efficient entry and transduction of target cells, tunable tropism biotechnologically possible.

o AAYV expression persists for decades in non-dividing cells (e.g., neurons, cardiomyocytes).

Limitations & Possible Solutions:

o Neutralizing antibodies (in particular against serotypes 1/2) are expressed in the population after childhood age for certain serotypes.

O Solution: The use of novel AAV viruses that are not derived from AAV 1/2, and measuring neutralizing antibody titers to identify

patient-specific immunity gaps.

e Limited genome capacity (4.8 kb), limiting the expression to smaller genes proteins.

O Solution: Use of trans-splicing AAV vectors, in which two AAV genomes form head-to-tail concatemers, increasing the packaging

capacity (Yan et al., 2000).

o Conversion of the single-stranded vector DNA into double-stranded DNA by the host cell is rate-limiting.

O Solution: Use of self-complementary AAV (scAAV) to circumvent the need for second DNA strand synthesis (McCarty et al., 2001).
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FIGURE 1. Scheme for envisioned gene therapy approach for tauopathies and neurogenetic diseases (Abbreviations: LoF, loss of function;
GoF, gain of function; VUS, variant of unknown significance; iPSC, induced pluripotent stem cells; AAV, adeno-associated virus).

(e.g., diseases with gain-of-function (GoF) mutations where
silencing of the single nucleotide-mutated allele is
necessary), the use of induced Pluripotent Stem Cells
(iPSC)-derived CNS-cells expressing the mutated transgene
could help to validate patient-tailored knockdown efficiency
and functional consequences. Functional tests in iPSC-
derived CNS-cells (e.g., allele specific knockdown) could also
resolve candidate genetic alterations in case of a clear disease
entity but unclear genetic pathogenic cause, and also serve as
the functional readout for the genetic intervention (for scheme
see Fig. 1). The arguments raised above, the current
methodologies that allow testing AAVs on human cells of
specific lineages, and the potentially patient specific ShRNA
design or gene replacement strategies all speak against the
notion of routinely using non-human primates to test the
safety of the developed viruses. With cell-type specific
tropism of engineered AAVs, and human specific RNAi/
gene expression paradigms, experiments in primates appear
to us unnecessary and unhelpful due to unpredictable side/
off-target effects simply due to interspecies differences. We
strongly discourage the routine testing of all AAV-based
gene therapy approaches in primates.

In conclusion, AAV-based gene therapy is a potentially
powerful tool to cure hereditary diseases. Genetic
tauopathies and related neurogenetic diseases are prime
targets for this kind of therapy, especially since there is no
traditional therapy in sight, and promising data have been
obtained from a number of clinical trials for other
neurogenetic and neurodegenerative diseases. Nonetheless,
strategies to adapt current AAV-based gene therapy
approaches to target the heterogeneous group of genetic or
sporadic, pediatric or age-related tauopathies need to be
developed and implemented in order to establish a safe,
effective and personalized AAV-based gene therapy for
specific tauopathies.
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