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Abstract







Abstract

Dravet Syndrome (DS) is a severe encephalopathy with infantile onset, characterized by
seizures refractory to conventional antiepileptic drugs, increased risk of sudden unexpected
death in epilepsy (SUDEP), as well as cognitive, behavioral and motor comorbidities. The vast
majority of DS cases are caused by heterozygous de novo mutations in the SCN1A gene, which
encodes the alpha (a)-subunit of the voltage-gated sodium channel type 1 (Nav1.1). The defect
of Nav1.1 channels particularly affects the function of GABAergic inhibitory neurons causing a
general hyperexcitability in the brain, accounting for epileptic and neurological comorbidities.

Preclinical development of new therapeutic approaches requires animal models which
represent the disease at genotypic and phenotypic levels. Here we describe that a novel knock-
in mouse model carrying a clinically relevant SCN1A mutation (A1783V) in all body cells in the
C57BL/6 background presents a full spectrum of DS manifestations. Additionally, we provide
proof of concept that a High-Capacity Adenoviral vector (HC-AdV) expressing an optimized
version of the SCN1A coding sequence under the control of the ubiquitous promoter CAG
(HCA-CAG-SCN1A) is feasible and able to express functional Nav1.1 channels in vitro and in
vivo. Therapeutic evaluation of this prototypic vector was performed according to the best
biodistribution observed after stereotaxic injection in prefrontal cortex, basal ganglia, and
cerebellum. When adolescent DS mice already suffering most disease manifestations received
the HCA-CAG-SCN1A vector they were protected from SUDEP and showed improvement in
hyperthermia-induced seizures, electrophysiological activity, interaction with the environment
and prevention from motor impairment. Cognitive dysfunction was partially ameliorated, but
hyperactive and anxious behavior persisted.

These results indicate that the transfer of the full SCN1A coding sequence using HC-AdV
vectors is safe and potentially efficacious for the treatment of DS, offering new opportunities

for improvement of therapeutic approaches.
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Introduction

1. Dravet Syndrome

Dravet syndrome (DS) is a severe epileptic encephalopathy that starts in the first year of life
characterized by frequent and prolonged febrile seizures, usually clonic or hemiclonic,
generalized or unilateral, and refractory to conventional antiepileptic drugs (AEDs). Following
the appearance of seizures, DS patients also develop neurological comorbidities including
psychomotor delay, cognitive impairment, some features of autism spectrum disorder as well
as an elevated risk of sudden unexpected death in epilepsy (SUDEP)™. In 90% of cases, DS is
caused by mutations in the sodium channel neuronal type | alpha (SCN1A) gene which encodes
the a subunit of a sodium voltage-gated channel type 1 (Nav1.1), essential for the generation
and propagation of action potentials?. The loss of function of this channel has a deep negative
impact on gamma-aminobutyric acid (GABA)ergic inhibitory neurons, resulting in an
excitatory/inhibitory imbalance that contributes to a brain hyperexcitability stage and the

appearance of clinical manifestations?®.

The incidence of DS is estimated to be 1 in 15,700 births* to 1 in 40,000 births®, slightly
affecting males more frequently than females®, and representing 1.4% of the infantile
epilepsies®. Although it is considered a rare disease, only 20% of the estimated DS population is

genetically diagnosed.

Sometimes DS is also referred as severe myoclonic epilepsy of infancy (SMEI), a term
previously described by Charlotte Dravet in 1978 to differentiate it from the Lennox-Gastaut
syndrome (LGS). This is another severe epileptic encephalopathy with later onset in children,
usually associated to brain lesions, with a different symptomatology and
electroencephalogram (EEG) characteristics. However, years after its first description it was
noticed that half of the cases reported as SMEI showed some degree of variability, particularly
the absence of the myoclonus and the persistence of epilepsy not only during infancy but also
in adulthood. For these reasons, the condition received the eponym of DS and was included in
the group of “epileptic encephalopathies” by the International Ligue Against Epilepsy (ILAE) in
2001,



1.1. Characteristics of DS

1.1.1.Seizure types

According to the ILAE definition, a seizure is “a transient occurrence of signs and/or

symptoms due to abnormal excessive or synchronous neuronal activity in the brain”8. Each

type of seizure depends on its origin site in the brain, its propagation along different

structures, the circadian rhythm, and the maturity of the brain, among many other factors.

Moreover, seizures can affect at least one of the brain functions including autonomic, sensory,

and motor, as well as cognition, emotions, consciousness, memory, and behavior.

During the evolution of DS, multiple types of seizures are commonly observed, although not

all of them are present in the same patient. The most common and characteristic seizures

during the course of the disease are described below®:

»

»

»

»

Convulsive seizures: the most common seizures observed throughout the disease. They

could be generalized clonic seizures (GCS), generalized tonic-clonic seizures (GTCS),

Iz

unilateral or hemiclonic, and sometimes “unstable”, starting in one hemisphere and
then asymmetrically spread through one or both hemispheres. These seizures are
characterized to be clonic, affecting muscle contraction and relaxation which finally
cause convulsions. They usually last a few minutes, but sometimes can be prolonged

more than 15 minutes (min) and evolve into status epilepticus (SE).

SE: is a life-threatening episode characterized by a unique and long-lasting seizure of
more than 30 minutes (min) or two or more continuous seizures without consciousness
recovery between them. This seizure supposes a neurological emergency that requires

prompt care and rescue medication.

Myoclonic seizures: not always present in all DS patients, these seizures can be massive

and violent, involving all muscles in both parts of the body, particularly head and trunk.
They usually last between 1 to 3 seconds (s) and could be isolated or grouped in jerks,

occurring many times during the day.

Atypical absences: are characterized by loss of consciousness of 3 to 10 s, sometimes

also accompanied by myoclonic jerks including head nodding and rapid eyelids

movements.



» Obtundation status: can occur as a non-convulsive SE, characterized by fluctuating

alterations of consciousness associated to erratic myoclonus involving mainly fingers

and orobucal muscles. Generally, they can last several hours (h) or even days.

» Focal seizures: they are divided in two categories: those involving motor activity, or
those including prominent autonomic symptoms. Focal motor seizures, also called
simple partial seizures, are clonic jerks which affect a limb or a hemiface. On the
contrary, complex partial seizures are characterized by autonomic features such as
pallor, cyanosis, drooling, respiratory changes, hypotonia, sweating, and/or distal
myoclonic jerks. They last few min and can evolve into a unilateral or secondary motor

seizure.

» Tonic seizures: barely observed in DS patients, they are more frequent in LGS. These
seizures occur usually during sleep, increasing the muscle tone until they are stiff and

tense, and sometimes they can only be detected by EEG recordings.

1.1.2.Clinical course

The clinical course of DS is age-dependent, manifesting several types of seizures and
developing a wide spectrum of neurological comorbidities since the onset of the disease
throughout the life of patients. This clinical evolution has been classified into three different
stages with well-described symptomatic features: febrile stage, worsening stage, and

stabilization stage®.

At the “febrile stage”, the first seizure occurs in apparently normally developing babies
during their first year of life, usually between 4 and 8 months of age, often triggered by
thermal episodes like mild fever, vaccination, or a warm bath. This first seizure is usually clonic,
with generalized or focal onset and refractory to AEDs. In most cases it could be prolonged
more than 15 min and often evolve into SE. Throughout this first stage, the frequency of
seizures is moderate with no more than one epileptic episode per month. DS is diagnosed
according to the characteristic clinical presentation at onset and if unclear, genetic testing is
recommended. However, in case of late diagnosis in older children and adults, symptoms may
be similar to other epileptic encephalopathies and epileptic syndromes, sometimes leading to
an incorrect diagnose and a wrong treatment management. Interictal EEG characteristics in DS

are not specific enough to be a clue in its diagnosis, since EEG changes are age-dependent and



influenced by the frequency and severity of seizures and the different pharmacological
treatments. However, in most cases some abnormalities are common throughout the
evolution of the disease, providing evidence that support the clinical and genetic diagnosis.
Before the first year of life, interictal EEG background activity is usually normal, only showing a
diffuse or slight slowing if children are recorder shortly after a prolonged seizure. Sleeping
recordings show normal organization, and few cases of frontocentral theta activity (4-5 hertz,
Hz) have been reported in wakefulness during the first months, becoming common and

constant in most cases from the first year through the follow-up?®*?,

From the first until the fifth year of life, the course of DS develops into the “worsening
stage” with an increase in the frequency of generalized clonic and focal seizures and the
appearance of other types of seizures like myoclonic jerks and atypical absences, although
myoclonic seizures are only observed in less than half of the cases. Additionally, the incidence
of SE and obtundation status becomes higher, and some patients may also present acute
encephalopathy, a catastrophic outcome of the disease characterized by non-inflammatory
edema, followed by severe febrile SE and subsequent deep coma. During this period,
hyperthermia remains the main triggering factor for seizures although many other stimuli such
as physical exercise, emotions, noisy environment, and photosensitivity have been identified.
Along the second year of age, when seizure frequency is highest than other stages, general
development delay becomes evident and worsens throughout years, resulting in a high
prevalence of neurodevelopmental disorders among DS patients!?. However, it should be
noted that there is not a clear loss of abilities but a slower cognitive and motor progression.
Walking ability starts at normal age but 60% of cases develop ataxia and unsteady gait,
increasing along the years and leading to a peculiar way of walking. Uncoordinated
movements and facial muscle hypotonia are also noticed, which can make not only chewing
and swallowing difficult, but also can cause a slower progression of language. Lack of
attention, hyperkinesia and some features of autistic behavior spectrum are also main factors
responsible for this characteristic learning delay. Regarding EEG activity, between the second
and the fifth year of life, background activity becomes slower and poorly organized®.
Moreover, during this period a progressive increase of paroxysmal abnormalities induced by
eye closure begins, characterized by focal or generalized spike waves (SW) of 2-3 Hz, isolated
or in brief bursts, predominantly present in the frontocentral regions. No correlation has been
found between the location of these paroxysms and the origin of seizures, maybe because

these SW are an echo of the diffuse discharges along the brain!. Photosensitivity is also
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reported in almost half of cases, and EGG sleep pattern is usually normal unless several

seizures appear during the night.

Finally, from the middle of childhood into adolescence the “stabilization stage” begins with
a general improvement of seizures. Myoclonic and atypical absence seizures tend to disappear,
and febrile clonic seizures become less frequent and shorter, appearing mainly during sleep,
although fever sensitivity persists through the life of patients. In the majority of cases SE is also
considerably less frequent. Cognitive abilities can slowly improve but some neurological and
motor impairments persist, making patients totally dependent on familiars or caregivers to
carry out daily activities. Along this period to adulthood, slowness of movements and
crouching gait replaces previous hyperkinesia, with several orthopedic signs such as kyphosis
and kyphoscoliosis. Moreover, adult patients present moderate to severe intellectual disability
and some characteristics of autism disorder, as well as a prominent language impairment.
During this phase of the disease, EEG background activity becomes normal in most of the
cases, although the theta activity persists and even increases in the central regions and the
vertex, particularly in patients with intense motor deterioration. Paroxysmal abnormalities
decrease and often are only observed during sleep, and photosensitivity usually disappears,

remaining a mild light sensitivity in the most resistant types of DS cases*.

1.1.3.Neuroimaging

The study of the brain structure by magnetic resonance imaging (MRI) is essential for
diagnosis and evaluation of patients with seizures disorders. Nevertheless, the majority of
studies performed in DS patients show unspecific changes or normality. After a normal MRI at
onset, several cases have been reported to develop hippocampal sclerosis during the course of
the disease®*. Furthermore, malformations of cortical development such as temporal lobe
dysplasia, periventricular nodular heterotopia, and focal cortical dysplasia have been also
observed in patients with SCN1A mutations®’. All these findings suggest that alterations in the

brain structure might be the result of seizure damage.

1.1.4.Mortality

DS is associated with a significant mortality rate of 10-18% in industrialized countries®®,
which is markedly higher than other types of infant epilepsies. Deaths may occur at any age
associated to three main causes: (1) SUDEP in approximately 53% of death causes, with one

first peak at 1-3 years of age and a second one at 18 years and older; (2) acute encephalopathy
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with SE in 36% of patients, with a higher prevalence between 3 and 8 years; and (3) 10% due
accidental deaths like drowning®. In order to obtain a decrease of this early deaths, some
measures like improved diagnosis and good management of seizures and SE are imperative, as

well as the use of anti-suffocation pillows to avoid drowning during sleep.

Nevertheless, from all these causes of mortality, SUDEP remains the most difficult to
control and prevent due to its unexpected nature without any apparent cause of injury and
drowning, and because its mechanisms are not fully defined. One of the strongest hypothesis
for SUDEP mechanism is cardiac dysfunctions since many ion channels are expressed both in
the brain and heart. This could lead to cardiac arrythmias during seizures. This case of dual
expression has been observed in Navl.1, the sodium channel which is altered and reduced in
the vast majority of DS patients®. One study performed in several mouse models of DS with
premature death revealed that most of these SUDEP occurred immediately following
generalized tonic-clonic or focal seizures, showing restrained interictal resting heart-rate
variability and episodes of ictal bradycardia?’. These results are in accordance with those
observed in DS patients, where they presented an abnormal lower regulation of heart rate by
the autonomic nervous system???3 as well as an increase P wave and QT dispersion?*. These
findings suggest that SUDEP could be the result of bradycardia and electrical dysfunction of the
ventricle caused by apparent hyperactivity of the parasympathetic input. Another potential
mechanism for SUDEP is respiratory dysfunctions?, since most patients who suffer SUDEP
present ictal hypoxemia and hypercapnia®. Finally, SUDEP could be related to a cerebral
shutdown after GTCS leading to impairments in arousal activity'®. Therefore, SUDEP could be
considered a consequence of cardiorespiratory and consciousness dysfunction, maybe because
seizures can spread to the brainstem (BS) where the modulatory systems of autonomic

cardioregulatory reflexes, breathing pathways and regulation of arousal are located?.

Unfortunately, all these SUDEP mechanisms in humans are already poorly understood and
need further research for better management and prevention, although it could be difficult
without simultaneous EEG recording. Only few cases of monitored SUDEP have been reported,
presenting postictal generalized EEG suppression®, which could be considered as a possible

biomarker for SUDEP.
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1.2. Etiology of DS

It was in 2001 when the genetic etiology of DS was firstly discovered in a group of patients
diagnosed with SMEI. All these patients presented different heterozygous mutations in the
SCN1A gene which encodes the a subunit of Navl.1. However, these SCN1A mutations were
absent in their parents, providing evidence that genetic basis of the disease is due to de novo
mutations in SCN1A?°. Nowadays it is well known that in nearly 90% of DS patients the genetic
basis of the disease is the haploinsufficiency of SCN1A, leading to the impairment of the
sodium channel function. This is the reason why this syndrome should be considered as a

channelopathy.

Two families with generalized epilepsy with febrile seizures plus type 2 (GEFS*2) presented
two different SCN1A mutations. Nevertheless, contrary to de novo DS cases, this study showed
an autosomal dominant inheritance of SCN1A in this disease3*3!, In addition, diverse SCN1A
mutations are also related with other neurological disorders including familial autism3?, familial
hemiplegic migraine®, and aging-related cognitive decline and dementias3*. All SCN1A variants
identified in these familial encephalopathies are missense mutations that probably alter but do
not abolish Navl.1 activity. Additionally, some SCN1A mutations causing GEFS*, as is the case
of R1648H and W1204R, are considered as gain of function mutations given that they induce a
dramatically accelerated recovery from inactivation and shifted the voltage-dependence of
activation and inactivation in the negative direction®’. For these reasons, generalized epilepsy
with febrile seizures plus GEFS* patients present a milder epileptic phenotype compared with

DS patients.

1.2.1.Nav1.1 channel: structure and function

As already mentioned, the sodium channel affected in DS is Navl.1, which consists of a
protein complex located in the cellular membrane, formed by an a subunit of 260 kDa linked
to auxiliary beta (B) subunits of 36 kDa. The transmembrane a subunit constitutes the ion-
conducting pore of the channel, essential for sodium ions flow through cell membrane which
leads to the propagation of action potentials. The channel is formed by four homologous
domains (DI-DIV). Each one consists of six a-helical transmembrane segments (S1-S6) with the
amino and carboxy-terminus facing the cytoplasm. Within this six a-helical structure, the
voltage sensor is located in the positively charged amino acids of S4, and a hairpin-like P-loop
between segments S5 and S6 delineates the pore of the channel®. The inactivation gate is

located in the intracellular loop that connects DIIl and DIV (Figure 1).
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Noncovalently linked to this large a subunit there are two smaller auxiliary B subunits
(encoded by SCN1B and SCN2B genes) which regulate the function of the channel in terms of
kinetics and cellular localization. These B subunits consists of a transmembrane protein with
intracellular carboxy-terminus, and an extracellular amino-terminus forming an IgG-like loop
which interacts with other cell adhesion molecules. These B subunits are multifunctional
proteins that modulate the function of the a subunit by enhancing ion flow through the pore,
promoting the trafficking of the a subunits from the intracellular pool to the neuronal

membrane, and acting as a cell adhesion molecule to improve neurite projection3®,

a a subunit
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Figure 1. Schematic representation of Navl.1 voltage-gated sodium channel. (a) The a
subunit of the channel consists of four domains (DI-DIV), each one formed by six
transmembrane segments (S1-S6). (b) Folded conformation of the channel. The pore-
forming subunit a leads the flux of sodium ions from the extracellular to the intracellular
space, whereas the accessory B subunits modulate the subcellular location, the voltage
dependence and kinetics of the channel. Figure created with BioRender.com.

Functionally, Navl.l channels participate in the maintenance of action potential
throughout neuronal membranes. The voltage sensor in the S4 region detects cytosolic
potential changes, leading to conformational rearrangements to open the ion-pore for an
inward flow of sodium ions when depolarization occurs. Once the action potential reaches the
maximum peak, the inactivation gate closes the channel pore within milliseconds, leading to
the resting membrane potential state.

Therefore, any alteration of the pore channel that modifies the kinetics of ions flux, either
by gain or loss of function of the channel, can affect neuronal excitability and leads to the

appearance of seizures.
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1.2.2.Navl.1 distribution and physiopathology

Concerning the brain mapping of Nav1.1 distribution, the expression is higher in the caudal
brain, spinal cord®” and sinoatrial node®. From all brain structures, the hippocampus (HC) is
specially rich in Navl.1 with specifically high expression in the soma of dentate granule cells
and in GABAergic interneurons of dentate hilus, as well as pyramidal cell somata and proximal
dendrites of CA1, CA2, and CA3*. Moreover, Navl.1 was not only localized in soma and
dendrites of neurons, but also in axon initial segments (AlSs) and axons of parvalbumin (PV)
and somatostatin (SST) expressing interneurons which project to the soma and proximal
dendrites of excitatory neurons®>#°, Interestingly, according to the DS mouse model generated
by Yu and colleagues, less than 10% of the total sodium channels of pyramidal cells from HC
are Navl.1 channels, whereas the expression of Navl.2 and Navl.6 is predominant. The
opposite situation is found in GABAergic interneurons, where at least 75% of the sodium
current is conducted by Nav1.1*l. Therefore, Navl.1 plays an important role in modulating
GABAergic inhibition, especially in the dentate gyrus (DG) where the excitatory inputs from the
entorhinal and neocortex are filtered*’.. Nav1.1 loss of function in GABAergic interneurons and
granule cells in DG greatly impairs the inhibitory activity, reducing the phasic release of GABA,
which finally leads to an imbalance between excitation and inhibition in the brain and
consequently to the appearance of seizures. Moreover, it has been demonstrated that
selective deletion of Nav1.1 in HC, including GABAergic, pyramidal neurons, and glia, not only

evoked seizures, but also cognitive deficits as spatial learning deficits*.

In addition to HC, other brain regions such as striatum (Str) and pyramidal cells in layer V of
the cerebral cortex (Ctx) are also rich in Navl.1 expression and are likely to play a role in
seizures and other neurological comorbidities*. The same occurs in axons of granule cells and
Purkinje cells in the cerebellum (Cb) where, as expected, decreased peak of sodium currents in
Purkinje neurons due to Nav1.1 dysfunction causes ataxia and related motor deficits*. This
channel is highly expressed also in thalamus and cortical inhibitory neurons, two brain areas
associated to the initiation and maintenance of seizures®. Impairment of Nav1.1 function in
suprachiasmatic nucleus of the hypothalamus (HT) had also a negative impact on homeostatic

47,48

regulation of sleep**%, whereas the inhibition/excitation imbalance in Ctx is associated to

autism spectrum disorders and cognitive deficits**~°.

All these findings suggest that loss of function of Navl.1l in different neuron types, but
particularly in GABAergic neurons and Purkinje cells, is the basis not only of seizures, but also

the multiple comorbidities observed in DS patients and several animal models.

15



1.2.3.SCN1A gene

SNC1A gene belongs to a family of genes (from SCN1A to SCN11A) which encodes the
functional voltage-gated sodium channel a subunits expressed in different structures of the
central and peripheral nervous system as well as muscle and cardiac tissues. Four isoforms are
the main sodium channels expressed within central nervous system (CNS): Navl.1, Nav1.2,
Nav1.3 and Nav1.6, encoded by the SCN1A, SCN2A, SCN3A, and SCN8A genes, respectively®. In
mammalian brain, the location and developmental patterns of Nav channels vary depending
on the isoform. For instance, in rodents and humans Navl.3 is highly expressed during
embryonic development and declines after birth, just when Navl.1 and Navl1.2 becomes
detectable®”®l. Conversely, Nav1.7, Nav1.8 and Nav1.9 isoforms are expressed in peripheral
nervous system, with lesser importance in the context of epilepsy, and the remaining Nav1.4
and Nav1l.5 isoforms are expressed in adult skeletal muscle and embryonic skeletal and heart

muscle, respectively°.

Concerning its structure, SCN1A is an 81 kilobase (kb)-spanning gene organized into 26
exons and located in the long arm of chromosome 2 at position 2g24.3%2 (Figure 2a).
Unfortunately, the promoter region of this gene is not completely defined, primarily due to its
complex 5’-untranslated region (5’UTR). Several spliced untranslated exons (5°UEs) are
currently known to be part of the SCNIA 5’UTR. Most of them are located in the conserved
non-coding regions (CNRs) which are shared by numerous orthologous among several species
including mouse, rat, and dog®. Within these 5°UEs there are at least five frequently used
exons (hla/hlu, hlb, hld, hic/h2u, and h3c), each one carrying multiple transcription factor
binding sites and transcription start sites (TSS), distributed over a 75 kb region upstream the
SCN1A exon 1°%. Both SCN1A human and mouse sequences contain two major 5’exons known
as distal exon A and proximal exon B located 75 kb and 54 kb upstream of the coding exon 1,

respectively® (Figure 2b).
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Figure 2. SCN1A gene. (a) Cytogenetic location of SCN1A gene in chromosome 2q24.3. (b)
Schematic representation of the SCN1IA 5'UTR promoter region. The frequently used
5°UEs are represented in pink boxes and TSS are indicated with and arrow. The numbers
above the double strand indicate the genomic distance between 5°UE. Figure based on
previous publication®?,

1.2.4.SCN1A mutations

More than 1,250 different SCNIA mutations have been described so far, randomly
distributed along the gene, most of them only affecting one to six base pairs (bp) (92%).
Approximately half of de novo SCN1IA mutations are missense and the other half produce
truncated Navl.1 channels. Among them, 19% of cases are due to frameshift mutations, either
by deletion or insertion of nucleotides; 17% are produced by premature introduction of one
stop codon (nonsense mutations); and barely 9% of cases are due to splicing alterations®2.
More recently, some mutations have been identified in the promoter region®*, increasing the

percentage of DS cases due to mutations in the SCN1A gene.

It has been described that the nature of SCN1IA mutations determines the phenotypic
variability observed in DS patients and other epilepsies. On one hand, missense mutations
seem to be the main cause of GEFS*, whereas deletions, truncations, nonsense, and frameshift
mutations are related with classical and severe DS phenotypes®, although some missense
mutations are also responsible for severe DS cases®**’. On the other hand, several authors also
correlate the grade of severity of the disease with the location of the mutation along the gene.
For instance, some studies determined that those mutations affecting the pore-forming region
of the channel could be related with DS, and those located outside the pore-forming region are

usually associated with the GEFS* spectrum®, Furthermore, the same SCNIA mutations have
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been observed in both DS and GEFS* patients, suggesting that the phenotype not only depends
on the type of mutation, but also it may be influenced by the genetic background and

environmental factors.

The origin of these de novo mutations has been demonstrated to be most frequently
derived from the paternal chromosome due to the great number of mitoses occurring during
spermatogenesis and the acquired mutation susceptibility of methylated deoxyribonucleic acid

(DNA) of sperm cells compared with eggs at oogenesis>®.

Familial mutations are observed in a smaller proportion of DS patients (less than 10% of
cases) and usually are the result of somatic or gonadal mosaicism from paternal or maternal
origin®®®%61 Most of these cases are detected because the same missense mutation is present
in siblings and the phenotype is milder as compared with full heterozygous mutation, although

it could be more severe in the offspring.

Chromosomal rearrangements affecting SCN1A and/or contiguous genes are other de novo
alterations observed in 12.5% of DS patients, usually those who tested negative for SCN1A
sequence-based mutations®?. Microdeletions and more unfrequently duplications and
amplifications could be identified with multiplex ligation-dependent probe amplification
(MPLA) and sometimes could be detected not only in SCN1IA gene but also in a variable
number of contiguous genes clustered in chromosome 2q such as SCN2A, SCN3A, SCN7A, and
SCN9A®*%4, These combinations of deletions are associated with a wide spectrum of severity
depending on the genes involved. For instance, deletions in SCN1IA combined with deletions in
SCN2A or SCN3A are related with more severe phenotype whereas combination of SCN1A and

SCN9A deletions are related with milder phenotype.

1.2.5. Other genes related with DS

It is well stablished that pathogenic variants of SCNIA gene are the main cause of DS,
however in nearly 20% of cases additional genes are implicated or even their genetic etiology
still remains unknown. All these cases are found in patients with no detectable mutations in
SCN1A gene but with phenotypic spectrum identical or similar to classical DS, although there
are also significant differences (represented in Figure 3). For this reason, it is important to pay
attention to clinical manifestations and the inheritance pattern before accepting any genetic

variant as the main cause of DS®.
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On one side, some pathogenic variants of the family of Navs apart from Navl.l are
associated with DS and other epilepsy syndromes. Mutations in SCN2A, encoding for the a2
subunit of Nav1.2 with high expression in HC and Cb, are found both isolated or combined with
SCN1A variants in few cases of DS as well as other epilepsie syndromes®®. The same occurs
with variants of SCN9A, the gene which encodes de Navl.7 expressed in nociceptive neurons
of dorsal root ganglia, neuroendocrine cells, and some types of muscles which in some rare
cases have been discovered acting as genetic modifier in DS patients and families affected with
inherited febrile seizures®”. Moreover, it was believed that variations in SCN8A, the gene that
encodes the Navl.6 channel which is widely expressed throughout the CNS, especially in
excitatory pyramidal neurons and cerebellar Purkinje cells, were also related with DS cases,
although this association was finally refused by substantial differences in phenotypes®.
Finally, few cases of homozygous pathogenic variants of B1 subunit (encoded by the SCN1B

gene) causing DS-like phenotype have been reported®°,

There is also evidence that variations in CACNA1A, coding for the a-subunit of the calcium
channel Cav2.1, can exacerbate the DS phenotype with an earlier onset and higher incidence
and frequency of absence seizures when are combined with mutations in SCN1A in comparison

with SCN1A mutations alone.

Beyond ion channels, there are other mutated genes also related with DS-like phenotypes.
This is the case of protocadherin 19 (PCDH19), a calcium-dependent cell-adhesion molecule
which is thought to play a role in neuronal connections and transduction of signals throughout
the synaptic membrane in developing brains. Since this gene is located in chromosome Xq22.1,
PCDH19 variants are associated with epilepsy limited to females with mental retardation
(EFMR) with an unusual X-linked inheritance pattern in which the disorder is only observed in
heterozygous females. Several studies reported familial and de novo pathogenic PCDH19
variants as cause of DS-like phenotype in patients with negative mutations and

rearrangements for SCN1A, even with one mosaicism case in one male patient’*”2,

Additionally, few genes related to GABA receptors have also been associated with DS
etiology. GABA is the main inhibitory neurotransmitter of the CNS, therefore a disruption on its
inhibitory synaptic potential leads to a hyperexcited neuronal activity and the appearance of
seizures. Variations in two genes coding for the GABA receptor type A (GABA,) subunits have
been detected in several studies of generalized epilepsies and epileptic encephalopathies,
some of them sharing same clinical pattern with DS. Firstly, GABRA1, which encodes the al

subunit of the GABA. receptor, being also implicated in juvenile myoclonic epilepsy and other
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ffffff Introduction -

epileptic encephalopathies such as Ohtahara and West syndromes. De novo pathogenic
variants of GABRA1 gene were found in three diagnosed cases of DS’3. De novo mutations in
GABRG2, the gene for the GABAAx y2 subunit, were described in patients with epileptic
encephalopathies, few of them resembling the phenotypic characteristics of DS’, as well as

mutations in GABRB3 gene, coding for the B3 subunit of the GABA receptor’.

Finally, several genes coding for completely different proteins are also associated to DS
etiology, although the phenotypes observed in these patients usually differ from classical DS.
Within these genes we can found: STXBP1, coding for syntaxin-binding protein 1 which
regulates the release of neurotransmitters’®; HCN1, which encodes a protein that contributes
to cationic currents in neurons (the potassium/sodium hyperpolarization-activated cycled
nucleotide-gated channel 1)”7; CHD2, coding for chromodomain helicase DNA-binding protein
2, a protein able to regulate gene expression through chromatin remodeling’®; and KCNA2, a
gene which encodes the potassium voltage-gated channel subfamily A member 2 with an

important role in neuronal repolarization after action potential’.

Figure 3. Other genes associated to DS phenotype. Sodium channels (purple), potassium
channel (green), chloride channels (red), genes not related with ion channels (blue). Figure
adapted from Steel et al..

20



1.3. Animal models of DS

The availability of animal models of DS, with different mutations in the SCN1A gene and
phenotypic symptoms resembling those observed in patients, provides a good opportunity to
gain a deeper insight into the pathophysiology of the disease, as well as their use as an
exceptional tool for the development of new and more effective treatments. These two

purposes (basic and preclinical research) may dictate the design of specific DS models.

Several transgenic animal models have been developed for the study of DS, from zebrafish

(Danio renio) to flies (Drosophila) although, the most widely used is the murine model.

The first DS mouse model was constructed by Yu and colleagues* by a targeted disruption
of the last coding exon of Scnla gene in the mouse, generating heterozygous and homozygous
knock-out (KO) mice. Decreased firing in GABAergic interneurons, spontaneous seizures (SS),
higher sensitivity to suffer heat-induced seizures (HiS), and elevated mortality rate were
present in both genotypes, although the onset of these phenotypic manifestations was earlier
in homozygotes than in heterozygotes*#°, Additionally, homozygous mice exhibited a severe
ataxia due to Navl.1l ablation in Purkinje cells in Cb* and also a compensatory increase in
Nav1.3 expression®'. This DS mouse model was also relevant for some neuronal findings that
helped to better understand the mechanisms of the disease, such as the reduced action
potential number, frequency, and amplitude in GABAergic inhibitory interneurons due to the
reduction in Navl.1l expression. Afterwards, this same mouse model was also studied to
determine the importance of genetic background for phenotypic severity®, revealing that the
degree of penetrance of the Scnla mutation seemed to be less severe in 129X1/SvJ than in

C57BL/6J background (Table 1).

During the following years, other KO mouse lines were developed with conditional deletion
of exon 1 of Scnla gene® ™84 or using, for example, the Cre-loxP method in conjunction with the
DIx1/2 enhancer in a floxed Scnla mouse line to generate a conditional deletion of Nav1.1 in
GABAergic neurons, demonstrating that the selective loss of this sodium channel in inhibitory

GABAergic interneurons in Ctx and HC is enough to cause SS and premature death® (Table 1).

Otherwise, several knock-in (KI) transgenic mouse lines were also created inserting
different Scnla mutations in one or both alleles. The first KI mouse model of DS carried the
truncated mutation R1407X in exon 21 of the Scnla gene, a premature stop codon found in
three human patients®®. Similar to other DS mouse models, both homozygous and
heterozygous mice showed spontaneous GTCS and polyspike-waves with different ages of

onset. This model was remarkably relevant for its neurological findings, since it was observed
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that Nav1l.1 is primarily localized in axons and somata of PV interneurons in the developing
neocortex and HC and is implicated in the maintenance but not in the initiation of high-

frequency firing.

Later on, more models with different Scnla mutations were created and characterized,
exhibiting similar phenotypic characteristics as other DS models (Table 1) as well as providing

new insights about Nav1.1 expression and function.

As expected, all homozygous mice generated by the different groups present a severe
seizure phenotype and motor symptoms such as ataxia, limb tremors and unstable gait, which
start earlier than their heterozygous littermates. But the most remarkable insight is that all
homozygous pups die at postnatal day 15 (P15) despite de upregulation of Nav1.3 observed in
some models. This data supports that Navl.1 plays a critical role in CNS physiology and
neurotransmission, and its total absence is not compatible with survival, probably resembling
the situation in humans. For this reason, only heterozygous Scnia models are really relevant

for the study of the disease and the evaluation of novel therapeutic approaches.

There is no doubt that all these genetic mouse models carrying a wide range of Scnla
mutations are a useful tool to clarify the physiopathology of DS, however, most of them are
based on non-common SCN1A mutations® or are expressed only in a specific neuron cell
population®®87-8 The primary role of GABAergic interneurons for the epileptic phenotype is
indisputable, especially taking into account the total absence of seizures and neurologic signs
when Scnla is conditionally deleted only in excitatory neurons®®. Moreover, it has been
demonstrated that the implication of Navl.1 reduction is not the same for the different
GABAergic interneurons, since it has been shown that Navl.l deletion in PV expressing
inhibitory neurons causes a stronger epileptic and neuropsychiatric phenotype than Navl.1

deletion in SST inhibitory interneurons®.
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Table 1. Genotypic,

phenotypic, and neurologic characteristics of heterozygous

transgenic mouse models of DS. Each mouse model was developed carrying a particular

Scnla variation, constitutively expressed or affecting specific cell populations in different

genetic backgrounds. GFP, green fluorescent protein; Het, heterozygous; Ho, homozygous;

IEDs, interictal epileptiform discharges; LTM, long-term memory; P, postnatal day; Pppir2,

protein phosphatase 1, regulatory
seizures, ZP3, zona pellucida 3.

Scnla alteration Final cross-breeding

population

Affected cell

subunit 2; PW, postnatal week; TCS, tonic-clonic

Phenotypic characteristics

Scnlgt™Wac (C57BL/6)

80% of mortality by PW134%:60,
Frequent SS*+0,

= Highly susceptible to HiS®%,

(Het) All body cells
Substitution of region X = IEDs events®.
comprising exon 26 by C57BL/6 . ImRa!req C|rca(j||an activity®.
a neomycin cassette = Deficits in spatial memory®°.
(deletion of DIV from = Social interaction deficits®.
the S3 to the C-
terminal tail). . . 150
Scniat™We (129/5v) = 10% of mortality by PW154,
(Het) Allbody cells N SS™*
X v = Susceptible to HiS®.
Scnlgtmiwac 1295v) = No impaired context-dependent fear memory®.
(Targeted deletion) = No social interaction deficits®.
ScnlgtmiWae (C57BL/6) (Het) = 60% of mortality by PW15%.
X Allbody cells Frequent SS and IEDs*!.
Scnlat™Wac-129Sv) (Het) = Significant ataxia at P21%.
[ i 82,84
Scniatmes (12956/SvEvTac) (Het) 16% of mortality by PW142%.
All body cells = No SS by video-EEG monitoring®224,
Replacement of exon 1 . = No overt epileptic phenotype®*
by a loxP-flanked 12986/SvEvTac priepticp yper
neomycin cassette
= More than 50% of mortality by PW582-84,
m1lKea - : ,
Scnigtmikea Scnla® (129S6/SvEvTac) (Het) All body cells SSDstartmg at P1'883 84, N
(Targeted deletion) X = 50% of TCS by video-EEG monitoring®?.
C57BL/6:12956/SvEvTac = Anxiety and hyperactive behavior®.
= Impaired learning and memory?®3,
Scnlgtm?tWac (C57BL/6) = 70% mortality at P90%,
(Het) * 33.3% present severe SS%.
X GABAergic = Susceptible to HiS®.
Tg(l12b-cre)1lIr (CD-1) interneurons  ® Presence of IEDs preceding seizures®.
(also referred as DIx-112-Cre, in forebrain = Exhibited hyperactivity, anxiety, and stereotyped
Insertion of JoxP sites drives Cre expression under the behavic?r"g. . . . N
flanking exon 25 control of the 112b enhancer = Severe impaired spatial learning and memory*.
element of DIx1/DIx2) = Profound deficits in social interaction.
Scnlgtm2iWac oW = Susceptible to HiS®.
m2. ac
(Conditional deletion) Senla ( §C57BL/6) = Spatial learning deficit and memory®.
Ho .
injected in both the dorsal Hippocampal
neurons

medial and lateral HC with the
AVV-Cre-GFP vector for scission
of exon 25.
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Scnla alteration

Final cross-breeding

Scnlaf** (C57BL/6J)
X
C57BL6-Tg(Zp3-cre)93knw/J
(Cre controlled by the mouse

Insertion of JoxP sites Zona pellucida 3 (Zp3) promoter)

flanking exon 1

Affected cell
population

All body cells

Phenotypic characteristics

Reduced life span until P338,
52.3% present SS81.

Scnlafov'* (C57BL/6))
Scniafox/+ X
(Conditional deletion) C57BL/6N-Tg(Ppplr2-
cre)4127nkza/)

PV+ inhibitory
neurons in the

Normal life span®.
Infrequent episodes of SS2.
Susceptibility to HiS.

(Cre- controlled by the protein forebrain
phosphatase 1, regulatory
subunit 2 (Ppp1r2) promoter)
Scnlat™2¥(C57BL6/)) = 98.5% of mortality before P358,

Ho . 38

( h ) Global Spontaneous GCS by P168.
VGAT-Cre (C578BL/6) inhibitory
neurons

[Cre controlled by the vesicular
GABA transporter (Vgat)
promoter]

Scnlat™2k (C57BL6/J)
(Ho)

X

VGAT-Cre (C57BL/6)
+

Emx-1-Cre (C57BL/6)

[Cre controlled by the Vgat and
Emx-1 promoters]

Insertion of loxP sites
flanking exon 7

Scnl ath.ley

Pyramidal and
inhibitory
neurons

39.5% of mortality before P3588,
SS at PW388,

(Conditional deletion)

10% of mortality at P90%:.

ScnigtmHey = SS after P16%.
(Ho) PV+inhibitory s |mpaired spatial memory®.
X neurons = Hyperactive behavior®.
PV-Cre-TG (C57BL/6J) * Impaired social novelty preference®.
[Cre controlled by PVpromoter]
Scnlgtm2iKkey = Normal lifespan®.
(Ho) 55T+_ = No noticeable behavioral seizures®.
X expressing = Susceptibility to HiS®.
neurons

SST-Cre-Kl (C57BL/6))
[Cre controlled by SST promoter]
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Scnla alteration

Affected cell
population

Final cross-breeding

Phenotypic characteristics

Exon 21 containing the

R1407X mutation
resulting in a stop
codon

Scnlatml.ley

(KI, truncation)

Scnlat™iy(C57BL/6))
(Het)
X All body cells
B6129SF1/)

~25-40% mortality within the first and third
months of age®.

SS at P18%.

Poor spatial learning and memory impairment®*.
Hyperactivity, anxiety-like behavior®.

Impaired sociability®*.

Exon 26 containing the
R1648H mutation*

Scnlgtmi-1lAesc

Normal life span®®.
Infrequent SS86.

Reduced threshold  to
seizures®®,

flurothyl-induced

C.tllr?lcally.d asso.clatec;ic (C57BL6/J) = Altered sleep regulation?®.
WPI1 a wide variety o (Het) Allbody cells  u |hguction of repeated seizures transform the
? enOthef b ranging X milder phenotype into a severe DS-like
rom GEFS* to DS C56BL/6) phenotype: frequent SS, hyperactivity, repetitive
Scnlgtmiaesc movements, social interaction problems and
impairment of hippocampal-dependent spatia
(K1) i i f hi I-d d ial
memory and LTM®2,
Exon 17 containing the
E1099X mutation Scnlgtmiisw = 46.2% of mortality at PW4%,
resulting in a (12952/svPasCrl) All body cells 44.8% of SS at P20-25%,
premature stop codon (Het) v = Susceptible to HiS%.
X
Scnigtmiisw C57BL/6JNarl
(K1, truncation)
Scn1gt™10sf(C57BL/6J
(He(t) /61) VGAT = 100% mortality by P23%7.
< ) = SSat PW2¥.
tma(crejLowl expressing = Large amplitude polyspike activity®’.
Slc32al /) Inhibitory ) : -
= Respiratory dysfunction: hypoventilation, apneas
(C57BL/6)) neurons L A o7
Exon 26 flanked by loxP (Cre controlled by the Vgat and diminished ventilatory response®”.
sites, foIIow.et.:i by exon promoter)
26  containing  the
missense A1783V
mutation = 60-75% mortality by PW5-6°45,
Scn1gtmi1osf = 55949,
= Susceptible to HiS*.
C57BL/6)
ot i0ef ( X/ ) = Presence of numerous IEDs®*%5.
5‘-'"1.‘7_ e B6.CTg(CMV-Cre)1Cgn/J All body cells = Cognitive impairment: learning and visuospatial
(Conditional KI) (C57BL/6)) memory deficits?.
(Cre controlled by the ubiquitous . Pehayloral abnormalities: h\./pegze;:twlty, anxiety,
CMV promoter) impaired exploratory behavior®%,

No signs of reduced sociability®.
Motor dysfunctions®.

However, preclinical development of new therapies requires mouse models which present

all genotypic and phenotypic characteristics in the same manner as human DS patients. For

this purpose, the Dravet Syndrome Foundation (DSF) generated in 2015 a new Cre-conditional

KI model carrying a heterozygous recurrent missense SCNIA mutation found in patients

(A1783V) and made it available for the scientific community. This is the first genetic model of

epilepsy being incorporated in the National Institutes of Health (NIH) screening program for
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new anti-epileptic treatments (https://dravet.eu/novel-open-access-mouse-model-of-dravet-

syndrome/). In this case the strain carrying the Scn1a-A1783V mutation was crossed with
Sox2-Cre mice to incorporate the mutation in all ectodermic-derived tissues

(https://www.aesnet.org/meetings events/annual meeting abstracts/view/501949). In our

study, in order to mimic all phenotypic and genetic characteristics found in severe DS patients,
mice bearing the heterozygous A1783V mutation in all cells have been developed by crossing
the Scn1a-A1783V strain with cytomegalovirus (CMV)-Cre mice®. In the present work we

provide a complete phenotypic characterization of this novel DS model.

Recently, the DSF also provided the Scn1a®®** model (https://www.jax.org/strain/034129).

This mouse model carries a stop codon mutation on nucleotide 1837 in the 129S1/Svim)

background. Due to its recent development, it remains uncharacterized.

1.4. Current treatment of DS

Current AEDs are typically inefficient in DS. However, the standard treatment consists of
pharmacological and non-pharmacological strategies aimed at reducing the severity and
frequency of seizures, apart from supportive care in case of SE. These strategies have shown a
partial improvement primarily in epileptic symptoms in a variable percentage of patients,
although most of them do not respond to conventional therapies or develop secondary

resistance to them.

For this reason, it is mandatory to develop more efficacious treatments with a positive
impact not only in the management of seizures, but also in the rest of neurological and

behavioral manifestations -,

In order to achieve the best possible therapeutic effect, children should start treatment as
soon as they are diagnosed. Once the diagnose of DS is suspected, certain AEDs such as
carbamazepine, oxcarbazepine, phenytoin, lamotrigine, vigabatrin, phenobarbital, and
rufinamide should be generally avoided since they are sodium channel blockers and could
exacerbate seizures in DS patients. The pharmacologic treatment currently employed is
predominantly based on data obtained in a limited number of small, open-label, and mostly
retrospective studies, as well as on experts’ opinion. There are three main lines of treatments

described below, classified according to its effectiveness in the control of seizures?’.
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1.4.1.First-line management

»

»

Valproic acid: is a broad-spectrum agent widely used as AED which increases GABAergic
function, inhibits voltage-gated ion channels, and acts as an antagonist of N-methyl-D-
aspartate (NMDA) receptors. Several retrospective studies evidenced reduction in
seizure frequency in 22.2% to 48.0% of patients®®%. Valproic acid is usually well-
tolerated, although there is a potential risk of hepatotoxicity, particularly in younger
patients. Since it has been described a teratogenic effect, probably due to its function as
histone deacetylase inhibitor (HDAI)'%, novel derivatives such as valnoctamide have

been developed to decrease this risk°Z.

Clobazam: it belongs to the family of benzodiazepines (BZ), although it has lower affinity
for the GABAA receptor subunits than the rest of BZ, a property that results in less
sedative effects and better tolerability compared with other AEDs. Limited retrospective

studies have documented a 28.0% response rate (>50% reduction in seizures)®,

1.4.2.Second-line management

If first-line treatment is not effective, there is a second option strategy which could be

administered as monotherapy or as co-adjuvant for the control of seizures.

»

»

Stiripentol: is a positive allosteric modulator of the GABAa receptor with affinity for both
y-containing GABAa receptors and &-containing GABAa receptors. Therefore, when
stiripentol is combined with BZ, the effect on GABAergic neurotransmission is much
higher than each compound administered individually®2, Moreover, stiripentol is an
inhibitor of cytochrome P450 in the liver, which causes an increase in plasma
concentration of other AEDs, particularly used in co-therapy with clobazam. Stiripentol
was approved as adjunctive therapy in DS for pharmacoresistant GTCS combined with
valproic acid and/or clobazam and is the only AED that has been shown effect in a

randomized, blinded and placebo-controlled study®.

Topiramate: is a sulfamate derivative of fructose whose main mechanisms of action are:

blockade of voltage-gated sodium channels, potentiation of GABA-mediated

transmission, antagonism of NMDA receptors, negative modulation of L-type calcium
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»

channels, and inhibition of carbonic anhydrase isoenzymes'®. Topiramate has been
demonstrated to be effective in partial-onset seizures and primary generalized seizures
as both monotherapy and combined with other AEDs, with responder rates of 37-78% in
reduction of seizure frequency, reaching a 17% of seizure-free patients'%17,

Ketogenic diet: this non-pharmacological approach has been demonstrated to be a good
therapeutic alternative to AEDs for refractory epilepsy. This diet consists of a high fat
intake in the context of low carbohydrate and moderate protein consumption. The basis
of this ketogenic diet is the oxidation of fats and the production of ketone bodies for its
use as the primary source of metabolic energy in the brain instead of glucose. In
addition, it leads to acidosis, cellular and extracellular dehydration, the increase of GABA
levels, and pH changes that seem to affect ion channels and neurotransmitter

198 " There are several studies supporting the efficacy of ketogenic diet in DS,

receptors
with an overall of two-thirds of responder patients®!° QObviously, this diet also
presents several adverse effects, therefore it should be prescribed and supervised by a

dietitian*?.

1.4.3.Third-line management

When all the previous options show no effect there is a third-line of treatment,

although it appears to be less effective than combinations of valproic acid/clobazam with

stiripentol or ketogenic diet.

»

»

Levetiracetam: is a broad-spectrum AED, with no clear mechanism of action. It is only
known that levetiracetam binds to the synaptic vesicle protein 2A (SV2A) present in
some neuroendocrine cells. This protein acts on exocytosis of synaptic vesicles and
regulates the release of neurotransmitters!'2. It has been demonstrated to be effective

for convulsive seizures and myoclonus with a responder rate of 64% of patients'3.

Bromides: their mechanism of action remains unknown, but it is believed that bromides
cause hyperpolarization by interaction with the chloride channel of the GABAa receptor.
In one study with DS patients, 32% of them became totally free of TCS'*. In another
study 47% of DS patients showed reduced seizure frequency after 12 months of
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treatment'. However, this medication seems inefficacious for focal, absence, and

myoclonic seizures.



» Vagus nerve stimulation: this surgical approach consists of intermittent electrical

stimulation of the left cervical vagus nerve by a device implanted into the chest. The
electrical stimulation regulates the brain signaling and reduces the hyperexcitation. The

rate of responders is relatively low, around 25-35%.

1.4.4.Management of SE

Prolonged seizures and subsequent SE suppose a life-threatening episode and require
emergency treatments and protocols by parents, caregivers, and physicians. Firstly, it is
important to avoid situations or precipitants that may provoke seizures, such as hot
temperatures, high physical exercise, nervousness, and flashing lights. In addition, it is
recommended that every patient with DS have a personalized rescue protocol as well as

training of parents to administer the medication in cases there is no time to go to the hospital.

When one prolonged seizure occurs, the first step should be the administration of oral,
nasal, or rectal diazepam or midazolam, followed by a second dose of intravenous (IV) BZ if the
seizure is still ongoing. In case this is not enough to stop the seizure, second-line agents such
as valproic acid, levetiracetam, phenytoin, stiripentol, or phenobarbital are also effective in the

reduction of SE.

1.5. Novel pharmacological treatments

There are also a few pharmacological therapies which, despite being substances already
known and used for other purposes, have demonstrated to be promising alternatives for the

control and reduction of seizures.

One of them is fenfluramine, a serotoninergic phenethylamine with high affinity for
serotonin receptors type 2A and 2C in the CNS*Y. It was previously used in combination with
phentermin as anti-obesity treatment until concerns regarding severe cardiac valvular
hypertrophy and pulmonary hypertension were raised, leading to its withdrawal as therapeutic
drug in 1997. However, due to its ability to modulate neurotransmission, it was subsequently
employed in children with refractory epilepsy!®. There data available from prospective,
double-blind, placebo-controlled trials demonstrate a dose-dependent efficacy and safety of

fenfluramine in DS patients, with rates of responders from 41% to 70%*%°.
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Cannabidiol, a nonpsychoactive component derived from the plant Cannabis sativa, has
demonstrated to be an effective therapeutic option not only restricted to DS but also to other
epileptic encephalopathies such as LGS!?°. This new medicine is formulated as an oil of pure
plant-derived cannabidiol under quality-assured pharmaceutical standard and recently
approved in U.S. and E.U. as an add-on therapy to clobazam. Cannabidiol was tested on DS
patients in a large-scale randomized clinical trial, showing a reduction of seizure frequency of
38.9% from baseline and a responder rate of 43%'?!. Adverse events observed in children were
mild or moderate, including mainly vomiting, diarrhea, fatigue, pyrexia, infections in the upper
respiratory tract, lethargy, and somnolence. The beneficial effects of cannabidiol have been
longer confirmed in several trials carried out in patients with several epileptic

122

encephalopathies*** and even in mouse models of DS, showing improvement not only in

seizure frequency but also in autistic-like behaviors!?,

1.6. Preclinical Nav1.1-targeted novel approaches

Currently there are numerous published and on-going preclinical studies based on the
etiological origin of the disease. All these treatments are focused on enhancing Navl.1

function, either by activation at the protein level or by potentiation of SCN1A gene expression.

1.6.1.Channel activators

This strategy relays on the selective potentiation of Nav1.1 function by small molecules or
peptides. The proof of concept about the therapeutic potential of this approach was described
using the Hm1a, a spider venom peptide which interacts with the inactivation domain of the
channel and leads to a persistent current at depolarized potentials!?#'%> (Figure 4-(5)). This
study confirmed the Hm1la selectivity for Nav1.1 over other Nav or voltage-gated potassium
(Kv) channels, especially in GABAergic inhibitory interneurons. DS mice treated with
intracerebroventricular (ICV) infusions of Hmla showed a reduced whole-brain
hyperexcitability, a significant decrease or completely abolishment of seizure frequency, and

126 New channel activators are being developed based on

improvement of survival rate
homologous recombination of this peptide (rHm1b)'?’, being the selectivity for Navl.1 the
main challenge. One drawback of this approach is the need of repeated intrathecal injections

to sustain the therapeutic effect.
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1.6.2.Gene therapy approaches

Overall, the gene therapy (GT) concept comprises the transference of genetic material into
a cell, tissue or entire organ as well as the modification of a defective gene in order to treat or
reduce the progression of a genetic disease!?®. Over the last few decades, advances in novel GT
strategies, such as the development and improvement of vectors for gene transfer, gene
edition, and nucleotide-modulated expression systems have placed this multidisciplinary field
in the vanguard of modern medicine. This discipline can be divided in ex vivo GT, when isolated
cells are in vitro modified and autologously transferred to the patient, or in vivo GT, in which
the genetic material is directly administered into the organism. Despite this in vivo therapy
could be applied in any kind of tissue, including neuron cells, it is difficult to obtain an acute
degree of tissue specificity and the same global efficiency and transference as the ex vivo

approach.

In order to transfer the therapeutic genetic material into the cells, a vehicle (vector) is

usually employed. Vectors can be divided in two categories: non-viral and viral.

» Non-viral vectors are a heterogeneous group of vehicles based on chemical or physical
structures. In general, they are characterized by its safety profile, with a relatively low
immunogenicity which allows repeated administrations. Standardization and high-scale
production are usually efficient and affordable. However, they present reduced gene
transfer efficiency (especially if nuclear entry is required) and low tissue specificity. The
most employed non-viral vectors include lipids and cationic compounds, peptides, and
metal particles'®®. Physical methods to deliver naked or minimally coated genetic
material include electroporation®®, hydrodynamics injection’3 and bio-ballistic

methods**2.

» Viral vectors. Taking advantage of the innate ability of viruses to deliver their genetic
material into infected cells, viral vectors are an effective GT tool which can be adapted
to express therapeutic genetic material without their endogenous pathogenic
components. Usually, sequences encoding cytotoxic proteins and others required for
viral replication are removed from the viral genome to guarantee safety and increase
the cloning capacity of the vector. Depending on their genome’s nature, they can be
ribonucleic acid (RNA) or DNA-based viral vectors. They can also be divided in those that
have the ability to integrate their genetic material into the cellular genome (integrative

vectors) or those that remain in an episomal state (non-integrative vectors). Integrative
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vectors are the best choice to maintain the transgene expression in cells with high
proliferative index, although it has been found that in some cases the vector genomes
can be gradually silenced, leading to the reduction of the transgene expression®,
Commonly used integrative viral vectors are oncoretroviruses and lentiviruses (LVs). On
the contrary, transgene expression with non-integrative vectors is only stable in not
actively dividing cells. Within the non-integrative vectors, the most widely-used vectors
are adeno-associated virus (AAV), adenovirus (AdV) (described in more detail in section

2), and herpes simplex virus (HSV)!%,

Nowadays, both viral and non-viral vectors are employed in a wide variety of GT strategies
for the treatment of DS, including the supplementation of a healthy copy of the SCN1A gene
(this thesis) and the delivery of gene products able to modulate transcription and translation
of the endogenous gene!**138 Recently, expression of the Navl.1 B subunit has shown some

therapeutic effect in a DS model®3,

Although crossing the blood brain barrier (BBB) is a key limiting factor, significant
improvements in molecular strategies and vectors engineering have been achieved for the

delivery of genetic material into the CNS3914°,

1.6.2.1. Antisense oligonucleotide-based therapeutic strategies

Antisense oligonucleotides (ASOs) are chemically synthesized oligonucleotides, usually 15-
30 nucleotides in length, which hybridize by Watson & Crick base-pairing to target messenger
RNA (mRNA) and regulate protein expression. ASOs mechanisms include degradation of the
target mRNA by ribonuclease H, the prevention of binding of proteins to RNA by steric
blockade, and the modulation of alternative splicing. Thus far, ASOs strategy has only been
employed in monogenic diseases carrying specific mutations such as B-thalassemia and spinal
muscular atrophy, but its application in mutation-independent haploinsufficiencies and

neurological disorders is increasing over time?4,

Hsiao and colleagues®*

employed the ASO technology to counteract a natural regulatory
mechanism operating on the SCN1A gene. They targeted an inhibitory long non-coding RNA
(IncRNA) coming from the opposite strand of the coding SCNIA gene, also called natural
antisense transcript (NAT), in this case known as SCNIANAT. They designed sequences of >70
oligonucleotides called antagoNATs (ASOs) which target different regions of SCNIANAT and

block its inhibitory activity, leading to a SCN1A upregulation (Figure 4-(1)). Particularly, when
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these antagoNATs were intrathecally injected in Scnla™*"!' mice, they observed an
improvement in frequency and severity of seizures and a decreased sensitivity to heat-induced
seizures compared to untreated DS mice. In addition, it was also observed the presence of
antagoNATs inside hippocampal PV+ neurons after a single intrathecal administration in a non-
human primate (NHP) model and the increase of SCN1A expression in human cells presenting a
wide spectrum of SCN1IA mutations. Taken together, these results demonstrated to be
particularly relevant in DS since it is caused by multiple de novo mutations which specially
affect hippocampal GABAergic inhibitory neurons.

A recently developed approach, known as targeted-augmentation of nuclear gene output
(TANGO)'* (Stoke Therapeutics, Inc.), also employ the ASOs strategy to specifically increase
the production of correctly spliced Scnla mRNAs'*%, The selected ASOs target the SCN1A gene
and increase Navl.1 expression by decreasing the natural non-productive alternative mRNA
splicing, avoiding the degradation of SCNIA mRNA by the nonsense-mediated mRNA decay
(NMD) pathway (Figure 4-(2)). The feasibility of this approach has been demonstrated in vivo in
a mouse model by two active ASOs directed against non-productive alternative splicing event
in Scnla, leading to the increase of both mRNA and Nav1.1 levels in the mouse brain in a dose-
dependent manner. This titratable effect means that the risk of overexpression could be

135,138

reduced in this ASOs therapy

Finally, other approaches not concerning the SCNIA gene have proved a potential
improvement for the treatment of DS. This is the case for ASOs designed against the Scn8a
gene, originally employed to treat a developmental and epileptic encephalopathy (DEE) caused
by de novo mutations in the SCN8A gene. This gene encodes the sodium channel Navl.6
primarily expressed in excitatory neurons which induces a persistent current of Na*, finally
leading to an increased neuronal excitability. Interestingly, the reduction of Scn8a expression
by a single dose of ASOs in a mouse model of DS increased the survival beyond 5 months of

agel®?,

1.6.2.2. CRISPR/Cas9-based therapeutic strategies

Supporting the same hypothesis that stimulating the endogenous expression of the healthy
allele of SCN1A should improve the epileptic phenotype of DS, two recently published works
based on clustered regulatory interspaced short palindromic repeats-associated protein 9

(CRISPR-Cas9) technology have shown promising results.
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In one of them, the authors employed a modified version of Cas9 by removing its
endonuclease activity, called endonuclease-dead Cas9 (dCas9). This dCas9-system associated
with single guide RNAs (sgRNAs) is able to bind specifically to sequences of interest in the DNA
and modify their function, depending on the functional domains attached to the DNA-binding
nucleoprotein. To this aim, Colasante and colleagues selected a sgRNA with optimal binding to
the SCN1A distal promoter and close to an active TSS. The fusion of dCas9 with a
transcriptional activator domain was able to upregulate the expression of Scnla in different
interneurons (Figure 4-(3)). In addition, in vivo studies demonstrated a significant upregulation
of Scnla expression in neonatal DS mice treated with a pair of AAV9 vectors. One vector
carried a tetracyclin-inducible TRE-dCas9-VP64 cassette and the second one carried the sgRNA
expressed under the control of a GABAergic-specific (mDIx5/6) promoter. Subsequently, mice
treated with the Scnla-dCas9 system presented an increase in seizure temperature threshold

compared with untreated mice, as well as a reduced severity score of seizures®3®,

The second study recently published, carried out by Yamagata and colleagues followed a
similar design (Figure 4-(3)). In this case, AAV particles harbored a combination of four guide
RNAs (gRNAs) composed by sequences of ~20 nucleotides complementary to the upstream
promoter regions (within the distal exon A, see Figure 2b) of both human SCN1A and mouse
Scnla gene. The mouse model employed was a transgenic DS mice®® in which a dCas9 protein
fused to a VPR transcription activation domain (dCas9-VPR) is expressed under the control of
the Vgat promoter. The gRNAs-AAV particles were IV administered at P30 to evaluate their
effect on heat-induced seizures and behavior features. Results showed an increase of Scnla
transcription with the CRISPR-ON treatment, as well as a higher temperature threshold for the

RX/+

heat-induced seizures and an intermediate state between wild type (WT) and Scn1a™* groups

in behavioral test of anxiety and social interaction®®’.

1.6.2.3. SINEUPs therapeutic strategies

An ongoing study carried out by the group of Professor Antonello Mallamaci is also based in

IncRNA, in this case to enhance translation of Nav1.1 protein (https://dravet.eu/new-research-

project-jointly-supported-by-6-european-associations-news/) (not published data available).

The activity of these IncRNAs, known as SINEUPs, involves the binding domain of the targeted
coding mRNA and an embedded inverted SINEB2 sequence, also referred as effector domain
(ED), which increases the protein translation (Figure 4-(4)). Consequently, SINEUPs approach

represents an ideal scalable therapy which directly acts on cell cytoplasm to induce a more
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physiological increase (2-fold) of Navl.1l synthesis, compared with other GT approaches,
without generating stable genomic changes in the cell DNA3, The fact that they function in

the cytoplasm may facilitate their delivery to the target cells.

Taken together, all these results indicate that GT approaches based on modulation of
cellular functions to enhance the expression of endogenous SCN1A gene are reliable and
promising therapeutic alternatives for DS. Nevertheless, it is important to mention that these
upregulation expression approaches do not distinguish between the healthy and the mutated
SCN1A allele. This could be problematic in those hypothetical cases in which the mutation
causes a gain-of-function of the channel, finally leading to the worsening of the epileptic

condition.

1.6.2.4. Gene supplementation strategies

Delivery of a healthy copy of the SCN1A gene into the target cells is a straightforward
approach for the treatment of DS, which avoids the need for foreign protein expression to

achieve an increase of Nav1.1 protein.

One of the most commonly employed vectors is based on AAV**. AAVs are small (25 nm)
nonenveloped viruses with single stranded DNA genomes of approximately 4.8 kb in length,
which belong to the family of parvovirus. In basal conditions, AAV requires the co-infection
with other viral vectors, mainly adenoviruses or herpes viruses, to develop an effective
infection. As far it is known, there is no severe human pathology associated with AAV
infection, making them a safety GT tool, although they induce an innate immune response
against the capsid that can reduce the expression of the transgenel®. Several human AAV
serotypes have been identified with different preferential tropism, being the serotype 9
(AAV9) one of the best choices for CNS delivery since its ability to cross the BBB under certain
circumstances®. Nevertheless, the highest limitation of AAVs is their low cloning capacity,
which is unable to accommodate the total coding sequence of the SCN1A gene (~6 kb). Based
on that, the group of Dr. Rajvinder Karda are developing a novel treatment for DS based on the
co-infection of two AAV9 particles containing segments of the SCN1A sequence (Figure 4-(8))
(not published data available) (https://cslide-

us.ctimeetingtech.com/asgct23/attendee/eposter/poster/424). This strategy is based on the

assumption that the two Nav1.1 moieties expressed from each AAV vector will assemble and

reconstitute a functional channel.
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AAVs have been used to express the small Nav accessory subunit NaV81, based on the
hypothesis that overexpression of NaV81 would increase the expression and function of the
entire Nav1.1 channel (Figure 4-(6)). As previously mentioned, B subunits play a modulation
role for the ion flow through the pore and for the transmembrane location of the channel.
Therefore, based on this assumption, neonatal DS mice were administered with the AAV-
NaVB1 vector. Treated mice showed an increased survival rate, more noticeable in females,
whereas only males showed reduced spontaneous seizures and an improvement of motor

activity and anxiety behavior®.

Another possibility is to employ LVs carrying the entire SCN1A coding region. LVs belong to
the Retroviridae family, characterized by RNA genomes inside a protein capsid, surrounded by
a lipid envelope. LVs can infect dividing and non-dividing cells'#’. In principle, they can allocate
the entire coding SCN1A sequence (cloning capacity up to 10 kb) and transduce cells with high
stability transgene expression. Their integrative capacity into the host genome is an insertional
mutagenesis risk factor which should be taken into account!®®, although the safety of new LVs
versions has improved remarkably**?>°, Another potential concern for the use of LVs to
deliver the SCN1A coding sequence is the relatively low stability of their RNA genome (Figure
4-(7)).

Finally, adenoviral vectors can also deliver the entire SCN1A coding sequence, as described

below and in the Results section of the thesis.
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Figure 4. Representation of the different Navl.1-based therapeutic strategies currently
proposed for the treatment of DS. (1) Upregulation of SCNI1A expression by blocking the
inhibitory effect of SCNIANAT (grey curved line) with specific antagoNATs (represented in
red lines). (2) Upregulation of productive SCN1IA mRNA (green curved line) employing the
TANGO system (represented by a light green line). The TANGO-ASO binds within the NMD-
exon (blue box) of the non-productive mRNA (grey curved line) to avoid the alternative
splicing and further degradation. (3) Upregulation of SCN1A expression by sgRNA-dCas9
systems recognition of one TSS (angled arrow) in the distal promoter region of SCN1A
(pink box). (4) Cytoplasmatic upregulation of SCN1IA mRNA translation (green curved line)
induced by the SINEUP-IncRNA fused to the ED sequence (represented by a yellow line
and a red box, respectively). (5) Persistent depolarized current potential of Nav1.1 channel
induced by Hmla peptide (represented in green). (6) Modulation of expression and
function of Nav1.1 by overexpression of the B1 induced by AAV-NaVB1 treatment. (7-9)
Delivery of the SCN1A coding sequence employing LV, a pair of AAVs, and high-capacity
adenoviral vectors (HC-AdV), respectively. Figure created with BioRender.com.
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2. Adenoviral vectors for the treatment of DS

2.1. General characteristics of adenoviral vectors

Human Adenoviruses (HAdVs) were firstly isolated and characterized from adenoid
tissue®™?. They belong to the Adenoviridae family, composed by a wide group of mammalian,
avian, reptile, fish, and amphibian species sharing numerous characteristics with potential
therapeutic profile as viral vectors®2. HAdVs have been frequently adapted as GT vectors,
especially type 5 (HAdV5). In nature, HAdVs are known to be responsible of mild and self-
limiting acute respiratory infections, gastroenteritis, and keratoconjunctivitis, primarily

affecting pediatric patients®®3

. However, clinical manifestations in immune-compromised
individuals can cause severe manifestations with high mortality, including hepatitis,
pneumonia, nephritis, encephalitis leading to multiorgan failure®>*. AdVs follow a lytic viral

cycle and are devoid of oncogenic potential in their permissive hosts.

AdVs are versatile tools for their use as gene delivery vectors since they present numerous
advantages, including the easy manipulation of the viral genome, their ability to infect many
cell types, and their production at high titers. Their double-stranded DNA genome is very

155

stable and it does not integrate actively in the genome™>, reducing the risk of insertional

mutagenesis.

2.2. Virion structure

AdVs are virion particles consisting of a linear double-stranded DNA genome ranging from
26-40 kb in length (36 kb for HAdV5) associated with core proteins and surrounded by a

nonenveloped icosahedral capsid of approximately 90 nm in diameter®®®,

The protein capsid consists of 20 triangular faces, 30 edges, and 12 vertices; an icosahedral
structure primarily composed by 240 hexon protein trimers and 12 complexes of the
pentameric penton base protein located in each one of the vertices. Penton capsomers act as
an anchor for the trimeric fiber protein projecting from the vertex of the capsid. The fiber is
divided in three structural domains: the tail, the shaft, and the knob (Figure 5). The N-terminal
tail domain is bound to the penton base; the shaft domain presents different lengths and
flexibility among AdV types; and the knob C-terminal portion mediates the binding affinity to

the primary host cell receptor. Other minor capsid proteins, including llla, VI, VIII, and IX play a
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variety of roles from stability of the hexon shell to endosome penetration, transcriptional

activation, and nuclear reorganization®’ (Figure 5).

Additionally, the viral core also contains 5 proteins interacting with the DNA: polypeptides
V, VII, Mu, terminal protein, and p23 protease (Figure 5). The polypeptides V, VII, and Mu
stabilize and condense the viral DNA into the core. The terminal protein is covalently bound to
the genome extremes and plays an essential role for the viral replication. The p23 protease is

determinant for maturation and assembly of virions particles>®,

Capsid proteins Minor proteins Core proteins
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Figure 5. Typical protein structural conformation of an HAdV5 virion. Core and capsid
proteins localization are represented in the image. Figure modified from Russell, 20208
with BioRender.com

2.3. AdV genome

The AdV genome is a double-stranded, linear DNA which encodes over 50 polypeptides. All
AdV share a similar genome organization containing inverted terminal repeats (ITRs), which
are conserved motifs acting as origins of viral replication, flanking the 3’and 5’ends'*®. The
packaging signal (), located at 5’-end, ensures the correct encapsidation of the viral genome
during the particle assembly. Additionally, the AdV genome is divided into five early
transcription units (E1A, E1B, E2, E3, and E4), three intermediate transcribed genes (IX, Va2,
and E2 late), and the late transcription region, which generates five families of late mRNAs (L1-

L5). All these sequences are transcribed by the RNA polymerase Il, resulting in multiple mRNAs

by alternative splicing.
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The first transcribed gene is E1A, which induces viral transcription and promotes entry into
S phase of the host cells, the optimal condition for viral replication. The E1A proteins activate
the rest of early gene transcription. E1B products induces blockade of p53-dependent
apoptosis'®® to avoid premature cell death of infected cells. The E2 region encodes three
proteins essential for viral DNA replication. The E3 transcription unit encodes proteins
modulating the host immune response by preventing T cell recognition and tumor necrosis
factor alpha (TNF-a) action on the infected cells!®l. The products of E4 unity region are
involved in a wide range of functions, including viral DNA replication, exportation of the viral
late mRNA, transcription and transduction modulation, and induction of apoptosis of the host

cell'®?,

Following replication of the viral genome, the activation of intermediate/late transcription
units provides two products: the protein IX to be incorporated in the capsid, and the Va2
protein, involved in the transcriptional control of the viral major late promoter (MLP) for the
subsequent expression of late genes®. In addition, the Va2 protein directly interacts with

sequence, implicated in the viral DNA encapsidation®®*.

Finally, expression of late regions (L1-L5) mediated by MLP provides all building capsid
proteins for particle assembly. Then, viral proteases are in charge of virion maturation!®*. Once
particles are assembled, MLP activates the expression of a mRNA transcribed from the E3
promoter, encoding the adenovirus death protein (ADP)3. The ADP kills the infected cell in
the last stage of viral infection and the AdV particles are released outside the cell for their

propagation.

2.4. AdV tropism and internalization

The knob domain of the AdV fiber interacts with the primary cell receptor for the initial
attachment to the surface of cells. HAdV5 and many other AdVs bind the coxsackie adenovirus
receptor (CAR) mainly expressed in epithelial cells, whereas other AdV types preferentially
recognize cofactor CD46 or desmoglein-2 as attachment receptors usually found in
hematopoietic cells'®®. For this reason, AdV show a wide cellular tropism among different
tissues including liver, respiratory tract, heart, gastrointestinal tract, and CNS. Host cells lacking
these primary receptors can still be infected by lower affinity interactions between the fiber

shaft and the cellular heparan sulphate proteoglycans (HSG)®.
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Subsequently, further internalization of the binding viral particles is mediated by the
interaction between the penton base of the capsid and integrins, allowing the entry of the
virion through chlatrin-coated vesicles. Once in the endosome, a preliminary pH-mediated
disassembly of the viral capsid takes place. The particle is released into the cytoplasm thanks
to the pVI protein'®’. Then the virion is transported by microtubules to the pore nucleus where
the capsid is completed disrupted, releasing the viral genome intro the nucleus ready to be

transcribed*®.

2.5. Immune response to AdV

The immune system induces innate and adaptive responses after AdV vector infection. The
humoral immune response can neutralize the vector before host cell infection, and cytotoxic
responses can eliminate infected cells'®. Innate and humoral adaptive responses against viral
capsids are common to all AdV-derived vectors, whereas cellular immune responses can be

blunted depending on the vector modality, as will be discussed below.

The innate response is triggered by the viral capsid in a dose-dependent manner and is
responsible for the acute inflammatory response observed shortly after virus administration.
In this inflammatory phase, there is an acute production of pro-inflammatory cytokines and
chemokines mediated by Toll-like receptors (TLRs), which activate macrophages and

neutrophils infiltration, finally leading to necrosis and tissue damage®’®.

The adaptative immune response is consequently activated by antigen presentation of
infected cells mediated by major histocompatibility complex (MHC). Cytotoxic T lymphocytes
eliminate infected cells presenting viral antigens, and B cells produce neutralizing antibodies
(NAbs), mainly against proteins on the virion capsid®®. Thereof, a second infection of the

vector will be blocked by these NAbs and the remaining T memory cells,

2.6. AdVs as GT vectors

AdVs offer numerous advantages for their use as viral vectors, including their low human
pathogenicity, a broad tissue tropism, and a high nuclear transference efficiency. In addition,
AdV’s genome is well characterized, stable and relatively easy to manipulate, allowing high

titer production of multiple AdVs adapted for specific therapeutics applications.
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Classification of AdV vectors depends on the modifications introduced in the viral genome,

each one with specific therapeutic applications.

2.6.1.0ncolytic AdVs

Oncolytic AdVs (OAVs) are employed to destroy cancer cells by modulating their ability to
replicate. Cancer-specific replication can be achieved by controlling the early viral genes
(mainly E1A) by tumor-specific promoters'’?, or by means of selective abrogation of viral
functions which can be complemented only by cancer cells’®. Consequently, OAVs retain most
viral genes, but they can incorporate short sequences with the aim of enhancing their
antitumoral effects'’#'7°>, OAVs are highly immunogenic, but this circumstance is usually

employed in favor of their therapeutic effect.

2.6.2.First generation AdV vectors

When AdVs are used as gene vehicles, their lytic cycle should be completely avoided. For
this aim, first generation AdVs (FGAdVs) are obtained by removing the E1 region of the viral
genome, releasing up to 5.1 kb in length for the substitution of the therapeutic transgene. In
vitro vector production therefore requires in trans complementation of viral replication E1
sequence, usually provided by packaging cells. The human embryonic kidney 293 cell line (HEK-
293) is the most widely used packaging cell line for viral amplification, since these cells contain
an integration of approximately 15% of proximal portion of AdV genome!’®. Additionally,
further deletion of E3 sequence, dispensable for in vitro AdV amplification, increases the

cloning capacity of the FGAdV up to 8.2 kb.

Despite few rare cases in which recombination between packaging cells and AdV vectors
can result in restored replicative viral function, these FGAdV vectors have demonstrated high
transduction efficacy after both in vitro and in vivo infection”’, without cytopathic effect in the
cells. However, residual expression of viral proteins can trigger cytotoxic immune responses

resulting in elimination of transduced cells and loss of transgene expression in vivol’17°,
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2.6.3.Second generation AdV vectors

Additional deletions of viral genes were supposed to generate safer viral vectors and
reduce host immune responses. Based on this hypothesis, second generation AdV (SGAdV)
vectors include deletions of E2 and/or E4 sequences, increasing also cloning capacity up to 14

kb8 However, new packaging cells were required to complement the deleted cells!81182,

Unfortunately, the remaining viral genome and subsequent production of viral proteins
induces a cytotoxic immune response against transduced cells in the same manner as FGAdVs,
limiting the stability of transgene expression'’®. Therefore, applications of these early
generation AdVs for in vivo GT is still re-evaluated, although they are widely used tools for

vaccination strategies and pre-clinical in vitro and in vivo gene transferl64183-10,

2.6.4.Third generation AdV vectors

In order to avoid the cytotoxic immune responses after in vivo vector administration, a third
generation of AdV vectors was developed, also called high-capacity adenovirus (HC-AdV),
helper-dependent adenovirus (HD-AdV) or gutless. This last designation is due to the removal
of all coding viral sequences, only maintaining the ITRs and the  packaging signal which
should be provided in cis for the effective viral genome replication and encapsidation,
respectively’®?. As expected, HC-AdV infection induces a lower immune response compared
with early generation AdV vectors®*'%3, In common with FGAdVs, the innate inflammatory
response is induced by capsid proteins, but their rapid degradation and the absence of viral
genome reduce the exposure of viral epitopes in cell’s surface. Therefore, a lower adaptative
T-cells response is activated after HC-AdV administration, with no signs of elevated
transaminases in the liver few days after vector injection, finally resulting in a long-term
transgene expression in tissues with slow cellular turnover such as liver or brain. Expression of
transgenes after IV administration can last several years after one single administration in
NHP%*, Additionally, the cloning capacity of HC-AdVs is increased up to 37 kb, reason why they
received the name of high-capacity AdVs. Only when the length of therapeutic cassettes is
shorter than 28 kb, HC-AdVs need to incorporate in their genomes non-coding stuffer DNA to
assure the minimal range for stable packaging (75-105% of AdV genome). Since nowadays
there are no viable packaging cells able to express all viral genes required for viral genome
replication and encapsidation, the trans-complementation of deleted sequences is provided by
a special E1/E3-deleted FGAdV called helper virus (HV). This explains the alternative HD-AdV

denomination.
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Standard production methods of HC-AdVs rely on co-infection of packaging cells with HV.
Since HV contamination of the final product is counterproductive for HC-AdV amplification
yield and further immune responses, several strategies have been developed to avoid HV
encapsidation. Within these strategies there are some based on deletions or mutations in

195,196

packaging region , although the most commonly used strategy consist of recombinase

systems which recognize site-specific sequences flanking the () sequence®’1°

, being the
Cre/loxP system the most widely employed. In this particular system, Cre-recombinase is
constitutively expressed in a special HEK-293 or equivalent cell lines employed as packaging
cells. When these cells are co-infected with the HC-AdV and a HV which contains the
packaging sequence flanked by loxP sites, the { is cleaved by Cre-mediated scission. As a
result, HV can provide in trans all coding sequences required for HC-AdV amplification but is
unable to encapsidate its own genome¥’, This strategy is combined with ultracentrifugation in

density gradient such as CsCl to separate virions with different genome lengths with final HV

contamination ranging from 0.01-1%>%.

Optimized protocols and strategies have been purposed with the aim of reducing the HV
contamination for large-scale production and clinical applications of HC-AdVs'%%2%, Expression
of Cre-recombinase in packaging cells is decreased due to shut-off of cellular proteins synthesis
induced by the HV?®2, This Cre limitation usually occurs in the latest stages of virus
amplification, just when the Cre-cleaving function should be most intense to reduce the
encapsidation of the growing number of HV genome copies. To circumvent this issue, our
group developed a novel approached based on a self-inactivating HV called AdTetCre. This HV
expresses a modified Cre recombinase fused with mutated estrogen binding domains under
the control of a doxycycline (DOX)-inducible system. This achieves a double level of control of
expression (DOX) and nuclear localization (tamoxifen) of the recombinase, allowing the
viability of the AdTetCre virus®®. The use of this HV contributes to reduce vector
contamination and makes the system less sensitive to the relative amount of HC-AdV and HV
during the amplification process. This approach has been employed for the development of

the HC-AdVs in this thesis project.
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2.7. HC-AdVs for GT treatment of DS

The numerous advantages offered by HC-AdV vectors make them an optimal tool for the
etiological treatment of DS. Firstly, their high cloning capacity allows the insertion not only of
long-sized coding sequences, as is the case for SCN1A, but also different promoter regions
designed to optimize the expression of the transgene in particular target cells. Additionally, the
reduced immunogenicity compared with other viral vectors and the long-term expression of
the transgene are key points of their therapeutic applications. Several studies support their
use with a well-tolerated profile and the absence of immunological response after local
administration into the CNS in murine and NHP models, with no signs of damage in peripheral

orga n5204—206

. Moreover, HC-AdVs administered by intracerebral injection show long-term
expression of the transgene, even after their administration in mice pre-exposed to AdVv2%72%,
On the other hand, the presence of CAR receptors in neuron projections, presynaptic fractions,

and somas?®®

allows the infection of HC-AdVs in a wide range of brain cells including neurons,
astrocytes, microglia, oligodendrocytes, and ependymal cells. Even so, with the aim of
increasing the selectivity of transduced cells, for instance GABAergic inhibitory interneurons,
the natural tropism of HC-AdVs can be modified by introducing changes in the fiber domain
able to recognize receptors mainly expressed in the target cells. Therefore, considering all

these advantages, selection of HC-AdVs as delivery vectors to supply an optimized healthy

copy of the SCN1A gene seems to be a suitable option for the treatment of DS.
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Hypothesis

Since DS is refractory to conventional AEDs, it is mandatory to develop new therapeutic
approaches that address not only epilepsy but also the rest of the comorbidities associated
with this disease. The availability of animal models resembling the genetic and clinical features
of the disease is necessary for preclinical development of these strategies. For this reason, a
novel KI mouse model carrying a clinically relevant Scnla mutation in all body cells has been

employed in this work.

During the last few years, different GT approaches have obtained important advances to
manage DS from its etiological origin. In line with these premises, the hypothesis of this work is
based on the potential therapeutic effect of supplementation of a healthy copy of the full
SCN1A coding sequence employing HC-AdV vectors. This could allow long-term correction of
epilepsy and other comorbidities after a single vector administration, avoiding the need of
exogenous protein expression. Using an ubiquitous promoter as an initial approach will ensure
efficient expression of the transgene and will facilitate the identification of the optimal routes

of administration, opening the door for further refinements in the vector.



Objectives

The two major goals of the present work were, on one side, the characterization of a novel

murine model for DS. On the other side, to provide a proof of concept about the feasibility and

therapeutic utility of transferring a healthy copy of the SCN1A gene employing HC-AdV vectors.

To accomplish these goals, specific objectives are formulated as follows:

1. Evaluation of a DS mouse model carrying an ubiquitous heterozygous SCN1A mutation

(A1783V).

1.1.

1.2,

Determination of survival rate, predisposition to hyperthermia-induced seizures,

and electrophysiological analysis.

Characterization of cognitive, behavioral, and motor functions using a battery of

standardized tests.

2. Development of a HC-AdV vector carrying the SCN1A coding sequence under the control

of the ubiquitous promoter.

2.1.

2.2.

2.3.

2.4.

Stabilization of the SCN1A sequence by codon optimization and verification of

plasmid functionality.

Verification of feasibility and functionality of HC-AdVs expressing the SCNIA

sequence.

Optimization of the stereotaxic injection protocol to maximize HAdVS5 transduction

in the brain.

Evaluation of the therapeutic effect of the HCA-CAG-SCN1A vector administered in
adolescent  Scn1a"W/A78V  mice on survival, epilepticc and neurological

manifestations of DS.
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Materials & Methods

1. Invitro studies

1.1. Plasmids and viral vectors construction

All plasmids and viral vectors employed in this work were previously produced by other
group members. Plasmids were subcloned by standard molecular biology techniques using
restriction endonucleases (New England Biolabs, Ipswich, MA, U.S.) and T4 ligase (Promega,
Madison, WI, U.S.). Ligation products were electroporated in One Shot® TOP10 Electrocomp™
E. coli (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.) and spread in LB-Agar plates
containing ampicillin or kanamycin (depending on the plasmid, both from Sigma, St. Louis,
Missouri, U.S.). Individual colonies were amplified in 2 mL LB medium overnight (plasmids <15
Kb) or during 24 h (plasmids >15 Kb). Plasmid DNA was purified using miniprep kit from
Invitrogen™ (Thermo Fisher Scientific,c, Waltham, MA, U.S.). The correct colonies were
identified by restriction enzyme digestion and amplified in 250 mL (plasmids <15 Kb) or 2 L
(plasmids >15 Kb) of LB medium. Plasmid DNA was purified using standard and BAC maxiprep
kits (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.) for regular and large plasmids,
respectively. For production of FGAdV vectors, the plasmid containing the vector genome was
linearized by Pacl digestion and transfected into HEK-293 cells. Once the cytopathic effect
(CPE) was observed, usually 10-12 days after transfection, cells were harvested and lysed by 3
cycles of freezing/thawing. The viral clones liberated into the supernatant were then isolated
by end-limiting dilution. Subsequent clone amplification steps were performed by infections in
a growing number of HEK-293 cells, followed by vector purification by double
ultracentrifugation in CsCl gradients, as previously described?®. The Ad-CAG-GFPLuc is an
E1/E3-deleted vector encoding a fusion protein green fluorescent protein-luciferase (GFPLuc).
Expression of this reporter gene is under the control of a strong and ubiquitous promoter
(CAG) consisting of the early cytomegalovirus (CMV) enhancer fused to the chicken B-actin

promoter and rabbit B-globin splice acceptor site (Figure 6a).

For HC-AdV construction, the plasmid containing the vector genome was digested with
Pmel and transfected in HEK293-Cre cells in the presence of the AdTetCre HV, as previously

described?®. Purification was performed as described for the FGAdV.

A total of four HC-AdV vectors were employed in this project. For longitudinal analysis of

transgene expression in vivo, the HCA-EF-Luc and HCA-CAG-Luc encoding luciferase under the
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control of the human elongation factor-1 a (EF1la) and CAG promoters, respectively were used
(Figures 6b and 6c). To facilitate the identification of transduced cells expressing SCN1A, the
HCA-EF-SCN1A-GFP vector was obtained (Figure 6d). In this vector, expression of SCN1IA and
GFP are linked by an internal ribosomal entry site (IRES) and controlled by the EFla promoter.
Finally, the HCA-CAG-SCN1A expresses the therapeutic gene under the control of the CAG

promoter (Figure 6e).

» First generation AdV:

SO 7R X m EGFP-Luc = pA = Ad DNA S ITR |

» High-capacity AdV:

o e~ Stuffer DNA -@- tue - pA {i5]
< [¥e- Stuffer DNA m tuc = pA i1
s m
e [} w~ stufferbNA m - pA i

Figure 6: Representation of genomic structure of vectors. a) Schematic representation of
Ad-CAG-GPFLuc vector. b-e) Schematic representation of the four HC-AdV vectors: HCA-
EF-Luc, HCA-CAG-Luc, HCA-EF-SCN1A-GFP, and HCA-CAG-SCN1A. ITR, ¥, packaging signal;
and, pA, polyadenylation signal sequence. Not drawn to scale.

Quantification of viral vectors was performed by quantitative reverse transcription
polymerase chain reaction (QRT-PCR) to determine the amount of viral genomes (vg). Viral

titers obtained are summarized in table 2.

Table 2. List of viral vectors and titers.

Titers of viral vectors

VECTOR TITER (vg/pL)
Ad-CAG-GFPLuc 3.5x108
HCA-EF-Luc 9.9x108
HCA-CAG-Luc 2.3x10°
HCA-EF-SCN1A-GFP 1.6X10°
HCA-CAG-SCN1A 8.8x107




1.2. Cell culture

The HEK-293 [American Type Culture Collection (ATCC) CRL-1573] and the SH-SY5Y (ATCC
CRL-2266) cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM)-high
glucose medium (Sigma, St. Louis, Missouri, U.S.) and a 1:1 mixture of Eagle’s Minimum
Essential Medium and DMEM/F12 Medium (Gibco™, Thermo Fisher Scientific, Waltham, MA,
U.S.), respectively. All culture media were supplemented with 10% foetal bovine serum (FBS),
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and 1% non-essential amino
acids (Gibco™, Thermo Fisher Scientific, Waltham, MA, U.S.). Both cell lines were maintained at

37°C and 5% CO; in a humidified incubator and tested for mycoplasma contamination.

1.3. Cell transfection

HEK-293 cells were seeded in 24-well, 6-well, and P100 plates at a density of 2.5x10°, 1x10°,
and 6x10° cells per well or plate, respectively. Once the cultures reached 80-90% confluency,
usually 24 h later, transfection was performed by addition of a 1:2 mixture of plasmid and
Lypofectamine 2000 (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.). Plasmid DNA
concentrations were 0.5, 5, and 30 g per well in 24-well, 6-well, and P100 plates, respectively.
Both plasmid and lypofectamine were diluted in Opti-MEM® medium (Gibco™, Thermo Fisher
Scientific, Waltham, MA, U.S.). Transfection mixtures were carefully added to the culture and
maintained at 37°C and 5% CO, environment for 5 h. Then, the transfection medium was
removed and cells were maintained in fresh medium during 48 h until they were collected for

the corresponding determinations.

1.4. Cell infections

SH-SY5Y cells were infected with HCA-CAG-SCN1A and HCA-EF-SCN1A-GFP vectors to
evaluate the efficacy of SCN1A expression. To accomplish this, cells were previously seeded at
2.5x10° and 2.5x10° cells per well densities in 24-well and 6-well plates, respectively. Infections
were performed 24 h later, when the culture presented a 80-90% of confluency, by addition of
vectors diluted in culture medium supplemented with 2% FBS, 1% streptomycin/penicillin, 1%
L-glutamine, and 1% non-essential amino acids (Gibco™, Thermo Fisher Scientific, Waltham,
MA, U.S.). Vector concentrations were determined by multiplicity of infection (MOI),
calculated as the amount of vg per cell in each well. Cells were incubated with the virus in a

volume of 100 or 500 pL of medium, and 1 h later complete growth medium was added up to
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0.5 or 2 ml for 24-well or 6-well plates, respectively. Forty-eight h later, cells were processed

for gRT-PCR or IF analyses.

2. Invivo studies

2.1. Experimental animals

A novel mouse model of DS was used to evaluate the potential therapeutic effect of the
prototype vector. This DS mouse model is the result of breading males of the B6(Cg)-
Scn1a™1Psf/} strain (The Jackson Laboratory, stock no. 026133) with females from the B6.C-
Tg(CMV-Cre)1Cgn/J strain (The Jackson Laboratory, stock no. 006054). This latter strain
expresses Cre recombinase under the control of the ubiquitous promoter CMV. The B6(Cg)-
Scnl1a™1Psf/] strain contains the WT Scnla exon 26 flanked by /oxP sites in one of the alleles,
followed by another exon 26 harbouring the A1783V mutation. This missense A1783V
mutation, one of the most clinically relevant in DS patients, leads to a C to T change at
nucleotide 5348 resulting into a substitution from alanine to valine at 1783 position®*%”. When
these heterozygous conditional Scnl1a-A1783V mice are crossed with homozygous CMV-Cre
recombinase mice, the floxed 26 exon suffers scission by Cre-loxP system resulting in
approximately 50% of the offspring carrying the two WT alleles (genotype hereinafter referred
to as Scn1a"V™"T) and the other 50% of the offspring presenting one of the mutated allele in all
body tissues (genotype hereinafter referred to as Scn1a"'/A1783V). Experiments were carried out

comparing males and females Scn1a""/A1783V to age-matched Scn1a™W™"T" littermates.

Animals were housed 4-6 per cage, with standard mouse chow and water available ad
libitum in a 12/12-h light/dark cycle. Breeding and experimental protocols of this study were
approved by the Ethical Committee of the Universidad de Navarra, according to the Spanish

Royal Decree 53/2013 and corresponding to the registered numbers 058-16 and 059-16.

2.2. Genotyping PCR

Mice were genotyped after weaning (approximately 21 days old) by end-stage PCR. A
protocol based on genomic DNA samples isolated from ear punches was employed, which
facilitated identification of mice at the same time. Animal biopsies were performed using

isoflurane as inhaled anaesthesia (IsoVet, Braun, Melsungen, Germany). DNA extraction and



PCR amplification were performed using the KAPA Mouse Genotyping Kit (Sigma, St. Louis,

Missouri, U.S.) in two steps:

» Genomic DNA extraction
Each tissue sample was diluted in 44 uL of distilled water (dH,0), 5 uL of KAPA Express
Extract Buffer and 1 uL of KAPA Express Extract Enzyme followed by the next lysis and

enzyme inactivation protocol (Figure 7):

Lysis Enzyme inactivation
95°C

5:00 min
75°C

10:00 min
4°C

Figure 7. Thermocycling protocol for genomic DNA extraction.

» PCR Amplification

One microliter of genomic DNA was diluted in 19 pL of PCR mixture: 9.5 pL of 2X
KAPA2G Fast (HotStart) Genotyping Mix with dye, 1 uL of each forward and reverse primers
(Sigma, St. Louis, Missouri, U.S.), and dH,0 quantum sufficit (gs) to 19 uL. Primer sequences
and their optimal concentration for each mouse strain are described below (Table 3), as
well as the optimal five-step cycle PCR protocol for the three different mouse genotypes

(Figure 8).

Table 3. List of primers and their sequences used for mice genotyping.

Primers for B6(Cg)-Scn1a™1s/] strain genotyping

PRIMER TYPE SEQUENCE (5’- 3’)
24472 Forward GCAACTCTTCACATGGTACTTTCA
24473 Common GCACCTCTCCTCCTTAGAACA
24489 Mutant Forward GGAGAAACACGAGCAGGAAG

Primers for B6.C-Tg(CMV-Cre)1Cgn/J strain genotyping

PRIMER TYPE SEQUENCE (5’- 3’)

olMR1084 Transgene Forward GCGGTCTGGCAGTAAAAACTATC

olMR1085 Transgene Reverse GTGAAACAGCATTGCTGTCACTT

olMR7338 Internal Positive Control Forward CTAGGCCACAGAATTGAAAGATCT

olMR7339 Internal Positive Control Reverse GTAGGTGGAAATTCTAGCATCATCC
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Initial Final

denaturation Denaturation Annealing Extension extension
95°C 95°C
5:00 min | 0:15s
72°C 72°C
° 0:30s ' 2:00 min
60°C !
0:15s
4°C
X 35 cycles
co

Figure 8. PCR cycling protocol for mice genotyping.

Finally, agarose gel electrophoresis was used to visualize PCR products. In this case, 2%
agarose (Sigma, St. Louis, Missouri, U.S.) was diluted in TAE 1x Buffer consisting of Tris-
Acetate (Sigma, St. Louis, Missouri, U.S.) 40 mM and 0.1 mM ethylenediaminetetraacetic
(EDTA, Sigma, St. Louis, Missouri, U.S.), pH 8. SYBR® safe DNA gel stain (Invitrogen™,
Thermo Fisher Scientific, Waltham, MA, U.S.) was added at 1:10,000 dilution to stain DNA.
The molecular weight marker (1Kb Plus DNA Ladder, Invitrogen™, Thermo Fisher Scientific,
Waltham, MA, U.S.) was mixed with loading buffer containing glycerol (Merk Millipore, MA,
U.S.) and a mixture of Xylene Cyanol (Sigma, St. Louis, Missouri, U.S.) and Bromophenol
Blue (Sigma, St. Louis, Missouri, U.S.) dissolved in TE buffer (QUIAGEN GmbH, Hilden,
Germany). Electrophoresis was carried out at 100 V (power source Bio-rad, Hercules, CA,

u.s.).
The expected fragments are:

» B6(Cg)-Scn1at™*1Ps/) strain
o WT (Scn1a™W™"T): 164 bp
e Heterozygote Pre-Cre (B6(Cg)-Scn1a™*%/)): 164 bp, 198 bp, and 410 bp

e Heterozygote Post-Cre (Scn1aV™A1783V): 164 bp and 198 bp

» B6.C-Tg(CMV-Cre)1Cgn/J strain (assay unable to distinguish between homozygous and
heterozygous animals)
e WT:324 bp
e B6.C-Tg(CMV-Cre)1Cgn/J: 100 bp and 324 bp

The hybridization of primers in the genome of mice is represented in figure 9.
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Figure 9. Mouse genotyping. Representative agarose gels of PCR products obtained
following the corresponding genotyping reactions (a) B6(Cg)-Scn1a™'°/] (heterozygote
pre-Cre) mice present the 164 and 198 bp fragment and the one corresponding to the
floxed exon at ~410 bp. (b) B6.C-Tg(CMV-Cre)1Cgn/) mice (both homozygotes and
heterozygotes) present the transgene at 100 bp and the internal positive control band at

324 bp. (c) Scn1aVW/A1783V mice present the WT band at 164 bp and the mutant band at 198

WT/WT

bp, whereas the Scnla mice only present the 164 bp band.

2.3. Vector administration

Biodistribution studies were carried out in C57BL/6 mice injected with Ad-CAG-GFPLuc
vector (5.2x107 vg/injection in 1.5 pL) by bilateral stereotaxic surgery in different brain
locations including HC, Ctx, Cb, in the limit zone of globus pallidus/caudate-putamen (GP/CP)
(hereinafter referred as basal ganglia, BG), and combinations of some of the last three
structures. For the evaluation of the therapeutic efficacy of HCA-CAG-SCN1A, 5 weeks-old (wo)
Scn1aVT/A783V mice were bilaterally injected in pCtx, BG, and Cb with both HCA-CAG-SCN1A
(2x107 vg/injection in 1.5 pL) and the same dose of the control vector HCA-CAG-Luc. Animals
were previously anesthetized with a ketamine/xylazine (80:10 mg/Kg; Ketamidor 100 mg/mL
injectable solution, Richter Pharma AG, Wels, Australia; and Rompun® 20 mg/mL injectable
solution, Bayer Animal Health GmbH, Leverkusen, Germany; respectively) combination by
intraperitoneal injection and placed in the stereotactic frame. After shaving and disinfecting
the head of the animal with ethanol, the skull was exposure by a longitudinal scission using a
sterile scalp. Then, periosteum was removed with hydrogen peroxide (H,0,) in order to

facilitate the visibility of bregma point in the intersection between the coronal and sagittal
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cranial sutures. Coordinates for the different brain regions were calculated according to the
Paxinos and Watson mouse brain atlas?'! using bregma as the reference point (Table 4 and
Figure 10). Once injection locations were defined and drilled with a needle (25G X °/s”, BD
Microlance™ 3, Becton, Dickinson and Company Ltd, Ireland) 1.0-1.5 uL were administered per
point using a 10 pL Hamilton Neurons Syringe (Hamilton Company, Nevada, U.S.) and following
a 0.4 plL/min infusion rate. Before and after vectors administration, the Hamilton syringe
remained inserted for 3 min to allow the adjustment of the brain tissue and the absorption of
the vector. Following surgery, animals were individually housed with free access to food and

water until their complete recovery.

Table 4. Brain coordinates for stereotaxic injections of vectors. The anteroposterior (AP),
mediolateral (ML), and dorsoventral (DV) coordinates for the different brain regions were
obtained from the Paxinos and Franklin mouse brain atlas?'!, taking bregma as the
reference point.

Region




pCtx

HC

BG

Cb

Figure 10. Location of stereotaxic injections in pCtx, HC, BG, and Ch. Left panels
represent the coronal sections and right panels the sagittal sections of the corresponding
coordinates for each brain region. Images were obtained from the Paxinos and Watson
mouse brain atlas (access online via Elsevier, 2001).

2.4. Heat-induced seizures

Epileptogenic thermal threshold of mice was tested by induction of hyperthermia seizures.
For the characterization of the DS mouse model, the protocol for thermal induction of seizures
was developed and fine-tuned in the laboratory. The setting consisted of a methacrylate
cylinder (30 x 20 cm) coupled to a thermal system that gradually increases ambient
temperature inside the chamber. Mice body temperature was measured before initiation of
heating using a rectal probe RET-4 (Physitemp Instruments LLC, NJ, U.S.) connected to the
TCAT-2DF controller (Physitemp Instruments LLC, NJ, U.S.). Animals were introduced into the
cylinder prewarmed at 25°C and the environmental temperature was gradually increased 0.5°C
every 30 s to a maximum of 45°C or until a GTCS was observed. Body temperature was

measured again just after removing the animals from the cylinder and placing them finally into
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a cage in contact with a rubber bag filled with cold water to accelerate the recovery. However,
this protocol was later improved to a standardized method®®® and employed for the
evaluation of temperature thresholds in mice treated with the therapeutic vector, as well as
their corresponding controls. In this case, mice were body restrained into the methacrylate
cylinder with the rectal probe introduced and fixed to their tails, allowing the measurement of
the body temperature throughout the test. The temperature probe was connected to the
TCAT-2DF controller which was in turn connected to an infrared heat-lamp (HL-1/FS Heat
Lamp, 250 watts, 110VAC; Physitemp Instruments LLC, NJ, U.S.). After 10 min of habituation,
body temperature was increased 0.5°C every 2 min, controlled by the feedback of the rectal
probe to the heat-system. Similarly as previous protocol, body temperatures were increased
until the appearance of a GTCS or to a maximum of 42.5°C. Treated Scn1a"“"A783V mice were
tested twice: at least 2 days before administration of vectors (pre-surgery) and approximately
30 days after vector administration (post-surgery). Both pre- and post-surgery heat-induced
seizures periods were also emulated in untreated Scn1a"“"7*1783V and Scn1a"W""" littermates to

evaluate the therapeutic effect of HCA-CAG-SCN1A vector.

2.5. Behavioural and motor assessment

In order to characterize the neurological comorbidities observed in DS patients in this new
Scn1aVW/A783V DS mouse model, mice of different age ranges and both genders were subjected
to a complete battery of behavioural and motor test. The same tests were used for the

WT/A1783V

evaluation of therapeutic effect in Scnla mice, starting two months after vector

administration.

All experimental procedures were performed under blind conditions for experimenters.

2.5.1.0pen-field test

This test is commonly used for the evaluation of motor activity, hyperactivity and anxiety-
like behaviour??2, Mice were individually introduced in a standardized squared four-
compartment open-field (OF) box (LES80OSC, 90 x 90 x 40 cm; PanLab Harvard Apparatus,
Barcelona, Spain) and were video-recorded in freely moving with soft illumination for 15 min.
Video analysis employing a video tracking system (Ethovision XT 5.0, Noldus Information
Technology B.V., Wageningen, The Netherlands) provided information about certain

parameters such as total distanced moved (cm) for motor evaluation and the mean velocity



(cm/s) for hyperactivity evaluation; and the time spent in the center of the arena (s) used as an
anxiety indicator (the more anxious an animal is, the less time it will spent in the center of the
arena). Furthermore, stereotypies were manually counted and represented also as an indicator
of hyperactivity and anxiety-like behaviour. Animals which explored less than 5% of the total

time were excluded from the analysis.

2.5.2.Novel object recognition test

The novel object recognition (NOR) test provides information about learning and
visuospatial memory based on mice exploratory behaviour and their preference to interact
with a novel object over a familiar one?'3, This test was performed immediately after the OF
test, using the same standardized squared four-compartment OF box (LE800SC, 90 x 90 x 40
cm; Panlab Harvard Apparatus, Barcelona, Spain) and the same illumination conditions

employed for the open field test. NOR test consists of three different stages:

» NOR Habituation phase
Mice were allowed for free exploration into the OF box for 5 min with two identical

objects symmetrically separated from each other (Figure 11a).

» NOR1 h phase
One hour after the habituation phase, just one of the objects was removed and changed
for a new one placed in a different position of the box. Mice were introduced again into the

box for 5 min of exploration (Figure 11b).
» NOR 24 h phase

The procedure was the same as described above, changing again the second object for a

third new one in a different position 24 h after the habituation phase (Figure 11c).
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2 NOR Habituation b NOR1h £ NOR24 h

Training phase Short-term memory Long-term memory

Figure 11. Schematic representation of the NOR test. (a) In the NOR habituation phase
mice are exposed to two identical objects in an OF arena for 5 min. (b) One hour after the
habituation phase (NOR 1 h), the same procedure was carried out but changing one of the
objects for a new one in a different position. (c) The same protocol was followed 24 h
after the habituation phase (NOR 24 h), changing again the second object for a novel one
in other position of the box. Figure created with BioRender.com.

It is important to note that objects and box were carefully cleaned after each trial to avoid
olfactory interferences. All trials were video recorded and manually analysed using a
stopwatch to measure the exploration time of each object. Data of NOR 1 h and NOR 24 h
were represented as a percentage of exploration calculating the discrimination index (Dl)

formula:

exploration time of the novel object
DI = X 100

exploration time of the familial and novel object

According to this equation, a 50% ratio indicates no preferences for both novel and familiar
objects; ratios above 50% indicate a preference for the novel object over the familiar one,

suggesting a good learning and visuospatial memory retention.

2.5.3.Marble burying test

This test evaluates the interaction of mice with their environment, since digging and
burying objects are indicators of normal exploratory behaviour in mice. The marble burying
test consists of twelve glass marbles disposed on the surface of the cage bedding, in four rows
of three marbles. Mice were individually introduced into the cage and allowed to remain
undisturbed for 30 min. Once the animal was removed from the cage, two experimenters

quantified the number of uncovered marbles, considering as buried when at least two-thirds



Materials & Methods ------

of its surface area was covered by bedding. Data were analysed as the average number of

uncovered marbles counted by each experimenter for each mouse.

Figure 12. Examples of marble burying test performances. Images from left to right show
different performances with higher to fewer amount of uncovered marbles.

2.5.4.Nest building test

Nest building is important for protection, reproduction, and heat conservation; therefore, it
can be considered as a clear indicator of animal welfare and constitutes a useful tool for
identifying unusual behaviour in mice?'*. Nesting performance can be measured by nest
building test, where mice are isolated overnight in a cage with a Mouse Igloo® (Bio-Serv,
Flemington, NJ, U.S.) and access to building material (a square of pressed cotton) (Nestlets™
Nesting Material, Ancare, NY, U.S.). The next morning, nesting index was evaluated by two
experimenters and classified in three categories according to the bitten state of the cotton
nesting material: no nest, partial nest, and complete nest covering the mouse (inside or

outside the igloo).

Absent nest Partial nest Complete nest

Figure 13. Examples of nest building test performances. (a) Image of a score 0: no nest.
(b) Images of scores 1-2: partial nest. (c) Images of score 3: complete nest inside and
outside the igloo.
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2.5.5.Morris water maze test

The Morris water maze (MWM) is one of the most used tests to assess working memory

215, MWM consists of a circular pool (1.2

and hippocampal-dependent spatial learning in mice
m diameter x 0.6 m heigh. LE820120, PanLab Harvard Apparatus, Barcelona, Spain) filled with
white-coloured water and virtually divided into four equal quadrants, in one of which an
escape platform is located. Each quadrant is identified by a visual clue that will guide the
mouse to the scape platform, which remains covered (invisible) or uncovered (visible)
depending on the stage of the test. The tracking system is coupled to a camera placed over the
pool that allows to follow in real time the development of the test. The test was carried out as

216

described before with minor modifications**®, and differentiated in three phases: visible

platform (VP), invisible platform (IP), and probe tests.

» Visible platform

In this visible phase of the test no cues were used, only the platform was visible inside
the pool maze raised 1 cm above the level of water. In order to train animals to escape
from water, platform was maintained at the same position throughout the learning trials.
During 5 consecutive days, one by one mice were released into the water surface, faced to
the walls, in one of the three rest quadrants, measuring how long they take to reach the
platform (Figure 14a). At first, it is supposed that mice remain more time looking for a way
to escape. Eventually, they will learn to directly swim to the platform and climb it up. Each
mouse was tested in four trials per day at different starting positions for a maximum of 60 s
per trial. If an animal failed to find the platform in this time, it was scored for this trial as 60
s and was gently guided onto it. In order to teach mice that they should stay on the
platform to be removed from the pool, all of them were maintained on it for 15 s. All trials
were monitored by video recording and escape latency times were analysed with

WaterMaze3 program (Actimetrics, Evanston, IL, U.S.).

» Invisible platform

Once the training phase was finished, IP phase was performed as a spatial learning task.
The basis of this phase is that animals must learn to use distal visual cues to directly swim
to the hidden platform starting from different locations around the perimeter of the pool.
For this purpose, the platform was located on the opposite quadrant to the one used in the
visible phase and hidden 1 cm below the level of coloured water, making it completely

invisible. In order to help mice to create a spatial map about where the platform was



hidden, four geometric visual clues were located in the middle of each quadrant
surrounding the edges of the pool (Figure 14b). This invisible phase was performed with
four trials per day during eight consecutive days, and the procedure was the same as
mentioned before: mice were introduced into the water, facing the wall of the pool, and
starting from different pseudo-randomly established positions. Animals were video
monitored and latency escape times were recorded (WaterMaze3, Actimetrics, Evanston,
IL, U.S.) until they reached the platform or after 60 s. Again, if an animal was unable to find
the platform in this time, it was guided. In each trial, mice were allowed to remain 15 s over
the platform to facilitate the generation of a spatial map to find the platform guided by the

surrounding visual clues.

» Probe test

During the invisible phase acquisition, on days 4", 7t and 9" mice were subjected to
probe test to determine the rate of memory consolidation. In this case the platform was
removed from the pool, leaving only the visual cues as a reference. Mice were allowed to
swim freely for 60 s in one single trial (Figure 14c). Commonly, well-trained animals with no
memory deficit will swim to the target quadrant where the platform was located before
starting to search elsewhere. For this reason, it was measured the time they remain
swimming in the target quadrant for the first 15 s of the trial (Probe 15) and in the total 60 s
(Probe 60). According to the calculating percentages, values over 25% were considered an

indicative of memory retention whereas values below 25% were considered as arbitrary.

a Visible platform
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[ |

» Learning task
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» Maximun 60 s
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Figure 14. Schematic representation of the MWM test. (a) The VP phase constitutes the
training task in which mice should learn to reach the platform to escape from water during
five consecutive days (PV1-PV5). (b) In the IP phase, mice employ the visual cues to find
the hidden platform below the level of water. This spatial memory evaluation is carried
out during eight consecutive days (IP1-IP8). (c) For the probe tests on days 4, 7 and 9 of
the IP phase, the platform is removed from the pool in order to assess the memory
retention of mice by measuring the time they remain swimming in the target pool. Figure
created with BioRender.com.

2.5.6.Social interaction test

In order to evaluate the presence of autism-like behaviour or social abilities impairment in
this DS mouse model, each mouse underwent a social interaction test with a mouse of the
same gender without any prior contact (no littermates). Pairs formed by the subject and the
non-familiar mouse were introduced in each one of the four compartments of the OF box
(LE80O0SC, 90 x 90 x 40 cm; PanlLab Harvard Apparatus, Barcelona, Spain) and were allowed to
interact between them for 15 min in soft light conditions. Trails were video-recorded and the
number of interactions of tested mice were manually measured, as well as the latency time to

the first contact.



2.5.7.Rotarod test

Regarding motor assessment of mice, rotarod test was performed in order to evaluate their
physical condition, motor coordination and balance?'’. This test is based on a rotating
horizontal rod, with controlled speed, supported 30 cm above the base of the apparatus

(LE8200 Panlab, Harvard Apparatus, Barcelona, Spain).

First, mice were trained to hold on walking on the rod for 5 consecutive min at a constant
speed of 12 revolutions per min (rpm). The next day, the test started placing the animals on
the rod with a progressive speed increase from 4 to 40 rpm in a total time of 5 min. Each
mouse was tested in three trials, with 60 min resting periods, and two consecutive days. Time
remaining on the rod and speed before falling were recorder for each trial, calculating the

average per animal.

2.5.8.Inverted Grid test

Using this test, the strength/weight ratio of mice can be evaluated by measuring the ability
of the animal to remain clinging to a wire grid for a period of time?'®. Mice were placed on
inverted position on a metal cage lid, recording the latency they remain hanging to a maximum
of 1 min. Test consisted in three trials per animal with a resting period of 60 min between
them, and was repeated in two consecutive days. Average hanging time of each mouse was

calculated and represented.

2.5.9.Elevated beam test

Balance and motor coordination were also evaluated with the elevated beam test, a
footbridge of 1 m in length and 1 cm of diameter resting 50 cm above the surface?. Mice
were placed in one edge of the beam and allowed to walk across the entire footbridge from
one end to the other for a maximum of 2 min or until they fell down. The test was performed
in two trials per mouse waiting 60 min between them and repeated in two consecutive days,

calculating average walking time on the beam for each mouse.
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2.5.10. Hindlimb clasping test

This test is widely used as a marker of cerebellar ataxia in mouse models of
neurodegeneration??°. Mice were hanged by the base of their tails to evaluate the hindlimb
position during 30 s. When hindlimbs were displayed outward, away from abdomen, it was
assigned a score of 0. If one of them was retracted toward the abdomen for more than 50% of
the hanging time, it received a score of 1. If both hindlimbs were partially or completely

retracted for more than 50% of the test, it was assigned with a score 2 and 3, respectively.

2.6. Electrophysiological analysis

The electrophysiological analysis of mice was performed thanks to the collaboration with
the team directed by Julio Artieda and Miguel Valencia in the Neuroscience Program at CIMA.
All procedures and data analysis were carried out by their group. They performed the
characterization of the Scn1a"W/A783V DS model and the evaluation of the therapeutic effect of

HCA-CAG-SCN1A vector on local field potentials from different brain structures.

For the electrophysiological characterization of the mouse model, Scn1a"741783V and
Scn1a"¥”"T mice (n=5 per group) from two to three months of age were implanted with five
equally spaced 50 um tungsten wires (California Fine Wire, CA 93433, U.S.) across different
layers of CA1 and DG of the HC (Figure 15b); and a wire in pCTX. For the electrophysiological
analysis of treated mice, two months-old animals (n=6 per group) were implanted with three-
four tungsten deep wires in BG, close to the administration area, 15 min after vector or saline
injection (protocol described in section 2.3); and an external electrode (screw) was placed over
the pCtx (Figure 15c). In all cases, ground and reference screws were placed over the Cb.

Coordinates for all electrode placements are described in table 5.

Electrodes were attached to a 3D-printed support (system designed and improved by this
laboratory group) and fixed to mice skulls with dental cement (Stoelting, IL, U.S.) (Figure 15a).
Animals were left to recover from surgery and one week after implantation they were
connected to an acquisition system for electrophysiological recordings (Intan RHD2000 system,
IntanTech, CA, U.S.). Recording sessions were simultaneously video recorded to evaluate the
behavioural state of the animals and the appearance of clinical seizures. At first, animals were
recorded for 30 min of freely moving at RT on an OF box. Then, they were introduced into a
heating chamber where temperature was gradually increased from RT to 42°C or until the

appearance of a GTCS. Data obtained from electrophysiological analysis and temperature



values were converted by custom-made routines on Matlab (Mathworks, Natick, MA, U.S.) into
Spike2 format (Cambridge Electronic Design Limited, UK) to analyse the recordings in order to
detect the presence of IEDs, electrical seizures and temperature thresholds at the onset of the
seizures. IEDs signals were semi-automatically annotated using Matlab scripts, resampled to
1,000 Hz, band-pass filtered in the 60-80 Hz range and rectificated. IED events were detected
when the filtered envelope was > 3 times above baseline and unfiltered envelope was < 3

times above baseline, according to previously described methods??*!

and further validated by
visual examination. Envelope was computed by estimating the rms value within a 200 ms
window. Candidate events were uploaded into the Spike2 file as a marker channel that was
further reviewed and curated by two specialists. Examination of video recordings allowed the
evaluation of seizures and their semiological description according to a modified Racine score

for mice??.

Finally, location of the electrodes was assessed by histological staining of brain slides.
Perfusion and histological processing were carried out as described in Section 3.1. Thirty um
coronal sections of the brains were cut in a microtome and stained with thionine to verify the
location of the recording electrodes by microscope. The staining with thionine dye was
performed once brain slides were mounted on super frost plus slides (Thermo Fisher Scientific,
Carlsbad, CA, U.S.), following the next protocol: Dehydration with diluted series of ethanol
(EtOH, Scharlab, S.L. Barcelona, Spain): 100%, 96%, 80%, and 50% of EtOH (2 min per step),
followed by two consecutive washes in dH,0 of 2 min each one. Then, slides were dipped into
thionine dye diluted in dH,O (Sigma, St. Louis, Missouri, U.S.) for 1 min. After two washes in
dH,0 of 2 min, complete dehydration was carried out again with diluted series of EtOH,
maintained 2 min in each solution: 70%, 96% (x2), 100% (x2). Finally, brain slides were
introduced in xylol (Scharlab, S.L. Barcelona, Spain) for 2 min and covered with coverslips using

DPX (PanReac AppliChem, IL, U.S.).

Table 5. Brain coordinates for electrodes implantation. The AP, ML, and DV coordinates
for the different brain regions were obtained from the Paxinos and Franklin mouse brain
atlas, taking bregma as the reference point.

+1.50

-1.50

-1.94 +1.50 -2.00 to -1.00

-0.58 2.5 -3.75
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Figure 15. Electrode implantation for electrophysiological analysis. (a) Representation of the

wires/PRECI-DIP system fixed to mouse’s skull. (b) Schematic representation of tungsten
wires implanted in mouse’s brains for the electrophysiological characterization of the DS
mouse model: pCtx (ground), CA1 and DG (x5), and Cb (reference). (c) Schematic
representation of tungsten wires implanted in mice brains for the electrophysiological
evaluation of treatments: pCtx, BG (x3-4), and Cb (reference and ground). Figure created
with BioRender.com.

2.7. In vivo bioluminescence imaging (BLI)

Mice previously treated with Ad-CAG-GFPLuc, HCA-CAG-Luc, or HCA-EF-Luc vectors were
anesthetized with a ketamine/xylazine (80:10 mg/Kg; Ketamidor 100 mg/mL injectable
solution, Richter Pharma AG, Wels, Australia; and Rompun® 20 mg/mL injectable solution,
Bayer Animal Health GmbH, Leverkusen, Germany; respectively) mixture by intraperitoneal
injection. After shaving their heads with hair removal cream, mice were administered
intraperitoneally with 200 uL of the D-luciferin substrate (REGIS Technologies, Inc, IL, U.S.) (30
pg/uL solution in phosphate buffer saline without calcium and magnesium (PBS”, Gibco™,
Thermo Fisher Scientific, Waltham, MA, U.S.). Mice were introduced in the PhotonIMAGER™

Optima apparatus (BioSpace Lab, France) and light emission was measured 5, 10, 15 and 30



min after D-luciferin administration. Luminescence peak values from the head area were
analysed using the M3 Vision software (BioSpace Lab, France), acquiring the individual value of

each animal. Data were represented as the maximal value obtained for each mouse.

2.8. Ex vivo luciferase assay

In the case of mice injected with Ad-CAG-GFPLuc for biodistribution analysis, they were
sacrificed 1 h after BLI to obtain several brain structures: pCtx, parieto-temporo-occipital
cortex (ptCtx), BG, BS, HT, HC, and Cb. Tissue samples were lysed in 200-500 pL of Passive Lysis
Buffer 5X (Promega, Madison, WI, U.S.) using a homogenization pestle (VWR® Pellet Mixer,
VWR International, LLC, PA, U.S.) and centrifuged at 13,000 rpm during 5 min at 4°C. Lysate
pellets were discarded, employing supernatants for the measurement of luciferase activity
with the Luciferase® Reporter Assay System 10-Pack (Promega, Madison, WI, U.S.). Ten pL of
each sample was mixed with 50 L of luciferase, and the luminometer tubes (5 mL, 75 x 12
mm, PS, Sarstedt Inc. Newton, U.S.) were introduced one by one on the Luminat KB 9507
Luminometer (Berthold Technologies, Germany). Results were obtained in relative light unit

(RLU) and were normalized by pg of protein loaded, determined by Bradford assay.

2.8.1.Bradford assay

Each sample was tested in triplicate in a 96-wells plate and diluted in PBS” with a final
volume of 15 plL per well. A standard curve to extrapolate unknown protein values was also
carried out in the same plate with serial dilutions (from 0.4 pg/uL to 4.8 ug/uL) of bovine
serum albumin (BSA, Heat shock fraction, pH 7, 2 98%, Sigma, St. Louis, Missouri, U.S.) diluted
in PBS”". Then, 200 pL of Bio-Rad Protein Assay Solution (Bio-rad, Hercules, CA, U.S.) were
added to each well using a 1:5 dilution. Finally, the absorbance was measured at 595 nm in a

plate spectrophotometer (Multiskan Ascent, Thermo Fisher Scientific, Waltham, MA, U.S.).
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3. Immunofluorescence microscopy

This technique was performed to detect the expression and distribution of transgene

products (Nav1.1 channel or GFP) in different cell types.

3.1. Sacrifice and animal perfusion

Brain fixation was performed by transcardial perfusion to ensure tissue preservation. Prior
to surgery, ketamine/xylazine mixture (240:30 mg/kg body weight; Ketamidor 100 mg/mL
injectable solution, Richter Pharma AG, Wels, Australia; and Rompun® 20 mg/mL injectable
solution, Bayer Animal Health GmbH, Leverkusen, Germany; respectively) was
intraperitoneally injected. Once the animals were anesthetized, they were cannulated via left
ventricle and perfused with 19.5 mL of 0.9% saline solution (B. Braun Medical Inc., Melsungen,
Germany) followed by 32.5 mL of 4% paraformaldehyde (PFA, PanReac AppliChem, IL, U.S.)
using a peristaltic pump at constant speed (6,5 mL/min). Finally, brains were removed and
post-fixed in 4% PAF for 12 h at 4°C; and then cryopreserved in 30% sucrose dissolved in 0.125
M PBS”- at 4°C for at least a week. After this time, brains were either frozen into optimal
cutting temperature compound (OCT) blocks (Scigen, Thermo Fisher Scientific, Carlsbad, CA,
U.S.) and then cut in 30 um sagittal sections using Microm HM550 cryostat (Thermo Fisher
Scientific, Carlsbad, CA, U.S.), or directly cut in a freezing microtome in 30 um sagittal sections.
Brain slides were preserved at -20°C in cryopreservation solution (30% ethylene glycol, 30%

glycerol, and 30% 0.4 M phosphate buffer (PBS) pH 7.4) dissolved in dH,0 until processed.

3.2. Immunofluorescence procedures

Brain slides were selected according to the intended area of study. Once two-three brain
sections per mice were selected, they were firstly washed three times in PBS” at RT and
incubated with blocking buffer (2% normal goat serum (Thermo Fisher Scientific, Carlsbad, CA,
U.S.), 0.5% Triton X-100 (Sigma, St. Louis, Missouri, U.S.), and 1% BSA (Sigma, St. Louis,
Missouri, U.S.) diluted in PBS” for 2 h at RT in constant slow shaking. Then, they were
incubated overnight at 4°C with the primary antibody diluted in blocking buffer. For detection
of Nav1.1 the rabbit polyclonal anti-Nav1.1 antibody from Alomone Labs (1:500, Cat#f ASC-001,
Jerusalem, Israel) was used diluted in blocking solution. For GFP staining, a rabbit polyclonal
antibody from Abcam was employed (1:5,000, Cat# ab6556, Cambridge, U.K.). In order to
differentiate the type of transduced cells we employed the anti-NeuN monoclonal antibody

(1:200, Cat# MAB377, clone A60, Merk Millipore, MA, U.S.) and anti-GFAP (GA5) mouse



monoclonal antibody (1:500, Cat#3670, Cell Signaling Technology®, MA, U.S.) for staining of
neurons and astroglia, respectively. The day after, slides were washed again three times with
PBS” at RT and incubated with the secondary antibodies (Donkey anti-Rabbit 1gG (H+L) Alexa
Fluor 488 Cat#t A-21206; Goat anti-mouse IgG (H+L) Alexa Fluor 488 Cat# A-11019; and Goat
anti-Rabbit IgG (H+L) Alexa Fluor 546 Cat# A-11010. All of them acquired from ThermoFisher
Scientific (Carlsbad, CA, U.S.), diluted 1:400 in blocking buffer for 90 min at RT protected from
light. After 3 more washes in PBS”", slides were incubated 5 min at RT protected from light
with the DNA marker 4°,6-diamidino-2-phenylindole (DAPI, 300 nM, Cat#t D1306, ThermoFisher
Scientific) for nuclei visualization. Finally, they were washed twice in PBS”,, mounted on super
frost plus slides (Thermo Fisher Scientific, Carlsbad, CA, U.S.), and let dry for 24 h protected
from light. Then they were dehydrated by immersion in toluene and coverslips were placed
using Immu-Mount® mounting medium (Thermo Fisher Scientific, Carlsbad, CA, U.S.). For the
assessment of non-specific primary and secondary immunostaining, some sections from each
experimental group were incubated without primary or secondary antibody. No

immunostaining was observed in any case.

IF assay in transfected and infected cells was similar as the previously described with the
following exceptions. Firstly, cells were fixed in 4% PFA and 4% sucrose (Sigma, St. Louis,
Missouri, U.S.) solution dissolved in PBS with calcium and magnesium (PBS*/*, Gibco™, Thermo
Fisher Scientific, Waltham, MA, U.S.) for 5 min. Then, cells were permeabilized with 0.1%
Triton X-100 during 5 min followed by blocking with 2% BSA and 3% normal donkey serum
(Jackson ImmunoResearch Laboratories, Inc, PA, U.S.) diluted in PBS** for 30 min at RT.
Incubation with the rabbit polyclonal anti-Nav1.1 (1:400, Cat# ASC-001, Alomone Labs,
Jerusalem, Israel) primary antibody, diluted in blocking buffer, were performed overnight at
4°C. After three washes with PBS**, cells were incubated with the goat anti-rabbit IgG (H+L)
Alexa Fluor 546 (1:400, Cat# A-11010, ThermoFisher Scientific, Carlsbad, CA, U.S.) secondary

antibody for 2 h at RT and protected from light. Finally, cells were washed with PBS**.
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3.3. Images acquisition

Images from brain slides were obtained with the fluorescence microscope Eclipse boom
(Nikon) coupled to a super high-pressure mercury lamp (C-SHG1, Nikon, Japan) using a Plan
Apo 10 x / 0.45 DIC L objective. Images were acquired with the DS-Ri2 camera (Nikon, Japan)
and the NIS-Elements F 4.60.00 64-bit software (Nikon, Japan). Navl.l-immunostained
structures were detected using the B-2A filter (excitation: 450-490 nm, DM: 505, BA: 530) with
green-coloured emissions and DAPI-stained nuclei were detected using the UV-2A filter
(excitation: 330-380 nm, DM: 400, BA: 420) with blue-coloured emissions. All images were

brightened, and contrast adjusted in parallel on Image) 1.52p program (NIH, Bethesda, MD).

Brain slides were also visualized by confocal laser microscopy for a better resolution. In this
case, Navl.l-immunostained structures were observed with a confocal laser scanning
microscope (Zeiss Axio Observer.Z1/7 LSM800 with Airyscan and ESID 2XGaAsP detector
module) and Plan-Apochromat 63 x / 1.40 Oil DIC M27 objective under 488 nm laser excitation
(emission wavelength 509 nm, detection wavelength 480-700 nm, pinhole 50 um). For GFAP
and NeuN detection, structures were observed under 546 nm laser excitation (emission
wavelength 573 nm, detection wavelength 560-700 nm, pinhole 50 um). DAPI-staining nuclei
were excited at 353 nm laser (emission wavelength 465 nm, detection wavelength 400-480
nm, pinhole 50 um). Emission colour codes were again green for Navl.1-immunostainng and
blue for DAPI-staining. Images were acquired in ZEN 2 software (Carls Zeiss, Oberkochen,
Germany). Acquired fluorescent images were brightened and contrast adjusted in parallel on
Imagel 1.52p program (NIH, Bethesda, MD) and noise was removed using a bright outlier

detection filter.

In the case of IF signals of cell cultures, images were obtained with the inverted
fluorescence microscope DM IL LED (Leica, Germany) coupled to the EL6000 external light
source (Leica, Germany). Fluorescence images were observed using a filter slider cube slider
(cube A for DAPI staining: excitation filter (EF) BP 340-380 nm, suppression filter (SP) LP 4225
nm and dichromatic mirror (DM) 400 nm; cube GFP for Alexa 488 staining: EF BP 470/40 nm,
SP BP 525/50 nm and DM 500 nm; and cube N2.1 for Alexa 546 staining: EF 515-560 nm, SP
590 nm, DM 580 nm). Images were acquired with the DFC345FX camera (Leica, Germany)
employing the HL Plan | 10x/0.22 PH1 or the HCX PL Fluotar L 20x/0.44 CORR objectives.
Fluorescence emissions were adjusted to green or red colour for Navl.1, green for the GFP,
and blue for the DAPI staining employing the Leica Application Suite software (Leica,

Germany). The Image) 1.52p program (NIH, Bethesda, MD) was used to adjust images for



brightness and contrast in parallel, using design panels and improved sharpness (Radius

(sigma): 5.0 px, and mask weight: 0.50).

4. Quantitative reverse transcription-PCR

4.1. RNA extraction

In all cases, animals were sacrificed by neck dislocation and brains were divided in two
hemispheres and two half Cb. Half brain was used for quantification of Scnla and SCN1Aco
gene expression by gRT-PCR and the other half for determination of Nav1.1 protein level by
western blot (WB) (described below). Ctx, HC, BG and Cb structures were dissected from half
brain of mice and were treated with the Maxwell® 16 LEV simplyRNA Cells Kit (Promega,
Madison, WI, U.S.) for the RNA isolation according to manufacturer’s indications. Cell pellets

from transfections and infections were also employed for this technique.

4.2. DNAse treatment and reverse transcription

Isolated RNA templates were used to synthesize complementary DNA (cDNA) by reverse
transcription. First, RNA samples were submitted to a DNAse treatment to avoid trace
amounts of contaminating DNA. The reaction mix contained 2 ug of RNA, 2 pL of DNase |
(Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.), 0.8 pL of RNase OUT Recombinant
Ribonuclease Inhibitor (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.), 2 uL of
DNase | Buffer 10x (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.), and 0.1%
diethyl pyrocarbonate (DEPC, Sigma, St. Louis, Missouri, U.S.) water to complete a final volume
of 20 uL. After a digestion incubation of 20 min at 37°C, 2 pL of 25 mM EDTA (Invitrogen™,
Thermo Fisher Scientific, Waltham, MA, U.S.) were added to stop the DNase | activity. Final

inactivation of DNase | was carried out following next protocol:
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Incubation Enzyme inactivation

95°C

65°C 1:00 min

37°C 10:00 min

20:00 min

Figure 16. Thermocycling protocol for DNAse treatment. Digestion was carried out at
379C for 20 min, followed by two inactivation steps at 652C and 952C.

Afterwards, RT was performed to obtain the cDNA, adding a retro-transcription mix to each
previous reaction. This retro-transcription mix consisted of: 4 uL of 10 mM deoxynucleotides
triphosphates (dNTPs), 2 ulL of 0.1 M dithiothreitol (DTT, Invitrogen™, Thermo Fisher Scientific,
Waltham, MA, U.S.), 1.2 uL RNAse OUT recombinant ribonuclease inhibitor (Invitrogen™,
Thermo Fisher Scientific, Waltham, MA, U.S.), 0.13 puL of random primers (3 pg/uL)
(Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.), 1.2 uL M-MulLV retro-transcriptase
enzyme (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.), 8 uL of First Strand 5x
buffer (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, U.S.) and 6.47 uL of 0.1% DEPC

water. Incubation protocol was performed as follows:

95°C

5:00 min
37°C

60:00 min

4°C

Figure 17. Thermocycling protocol for RT. Reaction was carried out at 37°C for 1 h,
followed by heat-inactivation at 952C during 5 min.



4.3. qRT-PCR

SCN1Aco and Scnla sequences were amplified using primers specifically designed for them
and were compared to a reference gene, used to correct sample to sample variations and

errors in sample quantification (housekeeping gene).

In order to confirm that gRT-PCR efficiency for target and reference genes was similar, the
exponential amplification linearity of each gene was calculated. Date of amplification slopes
were generated from serial dilutions of a known concentration cDNA template. Finally,

efficiency was calculated using next formula??3;

10
E (efficiency)=
(-1/slope)

In this case, gRT-PCR reactions consisted of 2 pL of cDNA, 5 uL of iQTM SYBR® Green
Supermix reagent (Bio-Rad, Hercules, CA, U.S.), 0.3 pL of both forward and reverse specific
primers (table 6) and 2.4 uL of dH,0. Human 36b4 and mouse GAPDH primers were used as
housekeeping genes. Each sample was tested by triplicate in 96 well-plates designed for qRT-
PCR (Bio-Rad, Hercules, CA, U.S.) and analyzed in CFX96 TouchTM Real-Time PCR Detection

System (Bio-Rad, Hercules, CA, U.S.) following the following protocol:

95°C ' 95°C

g3°c 85°C 95 °C
3:00 min: 0:10s G
0:10's 0:10s 0 oo
T 65 °C
0
0:05s
0:15s o |

X 40

Figure 18. Thermocycling protocol for qRT-PCR. Denaturing was carried out at 95°C for 3
min, followed by 40 repeated cycles of denaturing (95°C), hybridization (60°C), and
elongation (72, 75 and 83°C). Green cameras indicate the cycle of plate readings: SCN1Aco
at 83°C, Scnla at 75°C, mGAPDH at 85°C, and m/h36b4 at 83°C. Melting curve was carried
out from 65 to 95°C. Red camera represent the cycle of melting reading. Time is
represented in min:s.
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Data were analyzed with CFX Maestro® software (Bio-Rad, Hercules, CA, U.S.), and Cts
values were exported to calculate the relative expression of a target gene vs a reference gene

using a well-established mathematical model??®. The expression ratio equation is based on

gPCR efficiency of target gene (Etarget) and the difference in crossing threshold points of target

(ACP+arget) versus efficiency and CP of the reference gene (Eref and ACPref respectively):

(control-sample)
ta rget)ACPtarget

(E

Ratio =
( Eref)ACPref(mntrOI'Sample]

Primers sequences (Sigma, St. Louis, Missouri, U.S.) used in these gRT-PCR experiments are

described below:

Table 6. List of primers and their sequences used for qRT-PCR.

Scnla Mouse CATGTATGCTGCAGTTGATTCCA AACAGGTTCAGGGTAAAGAAGG
SCN1Aco Human TCAACATGTACATTGCCGTC ATCAGCTGCAGTTTGTTGG
GAPDH Mouse CCAAGGTCATCCATGACAAC TGTCATACCAGGAAATGAGC
36b4 Human/Mouse AACATCTCCCCCTTCTCCTT GAAGGCCTTGACCTTTTCAG

5. Navl.1 quantification by Western Blot

5.1. Preparation of membrane-enriched extracts

Since Navl.1 is a complex transmembrane voltage-gated sodium channel, samples were
processed as previously described?'®??* to specifically obtain the denatured membrane-
enriched extracts. Briefly, tissue samples were homogenized using a homogenization pestle in
ice-cold buffer containing 10 mM Tris-HCl (pH 7.4) (Invitrogen™, Thermo Fisher Scientific,
Waltham, MA, U.S.), 320 mM sucrose (Sigma, St. Louis, Missouri, U.S.), phosphatase inhibitors

including 5 mM sodium fluoride (NaF, Sigma, St. Louis, Missouri, U.S.) and 0.1 mM sodium
orthovanadate (Nas3VOas, Sigma, St. Louis, Missouri, U.S.), protease inhibitors: Complete™
Protease Inhibitor Cocktail tablets (Roche, Indianapolis, IN, USA) and 0.1 mM

phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, Missouri, U.S.), and calcium and

magnesium chelating agents such as 5 mM EDTA (Sigma, St. Louis, Missouri, U.S.) and 1 mM



ethylene glycol tetraacetic acid (EGTA, Sigma, St. Louis, Missouri, U.S.) prepared in dHO.
Homogenates were maintained on ice for 30 min and centrifuged at 700 g for 10 min at 4°C.
Nuclei and large tissue debris mainly remained in pellets, which were discarded. Supernatants
were centrifuged again at 37,000 g for 40 min at 4°C and removed to resuspend precipitates in
a buffer containing 10 mM Tris-HCI (pH 7.4), 0.1 mM Na3VOgs, 0.1 mM PMSF, 5 mM NaF, 1 mM

EGTA, and protease inhibitors mixture tablets dissolved in dH;0.

Protein content was determined by Bradford assay, and all extracts were adjusted to the

same protein concentration and volume in resuspension buffer.

5.2. Protein extracts denaturalization

Each protein extract was solubilized in 0.1 volume of denaturing buffer solution: 20% of
sodium dodecyl-sulphate (SDS, Sigma, St. Louis, Missouri, U.S.) and 50 % of B-mercaptoethanol
(Sigma, St. Louis, Missouri, U.S.). After 5 min of boiling at 100°C, samples were diluted 1:20 in a
second denaturing buffer containing 0.1% of Triton X-100 (Sigma, St. Louis, Missouri, U.S.), 50
mM Tris-HCI (pH 7.4), and dH20. Denatured membrane-enriched extracts were centrifuged at

37,000 g at 4°C for 10 min, storing supernatants at -80 °C until use.

5.3. Western blotting

Ten to fifteen pg of denaturalized proteins were mixed with 4x Urea loading buffer [0.2 M

Tris-HCI (pH8), 4% of urea, 277 mM of SDS, 0.4 M DTT (Sigma, St. Louis, Missouri, U.S.), 6 mM
bromophenol blue (250 pg/Ml, Sigma, St. Louis, Missouri, U.S.) and dH20] and were incubated
at 60°C for 5 min. Then, mixes were charged and resolved in biphasic 7.5% SDS-polyacrylamide
gels. The Amercham™ ECL™ Rainbow™ Marker — Full Range (GE Healthcare Bio-Sciences AB,
Sweden) was used as protein molecular weight marker. Protein electrophoresis was performed
at 100 V in the Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad, Hercules,
California, U.S.) at 4°C until de higher molecular weight bands of the marker were completely
separated. Then, proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(Immobilon®- FL; 0.45 um pore size; Merck Millipore Ltd., Tullagreenm Carrigtwohill)

previously activated in methanol for 5 min. Transference was carried out at 30 V at 4°C
overnight in the Trans-Blot™ cell (Bio-Rad, Hercules, California, U.S.). The next day, the

membrane and SDS-polyacrylamide gel were stained with Ponceau S solution and brilliant blue
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R dye (Sigma, St. Louis, Missouri, U.S.), respectively. After washing the membrane with dH;0
and Tris buffered saline with Tween-20 (TTBS) (0.13 M NaCl, 0.150 M Tris-HCI (pH 7,4), dH20
and 0.1% Tween-20), it was blocked for 1 h with 5% BSA dissolved in TTBS, in continuous soft
shaking. For detection of Navl.1 and GAPDH proteins, rabbit polyclonal anti-Nav1.1 (1:250;
Cat#f ASC-001; Alomone Labs, Israel) and rabbit monoclonal (14C10) anti-GAPDH (1:5,000; Cat#
2118S; Cell Signalling Technology, MA, U.S.) primary antibodies were used, respectively,
diluted in 2.5% BSA, 0.05% Tween-20 and 0.01% azide in tris buffered saline (TBS). Incubation
of membranes was performed overnight at 4°C. After 3 washes with TTBS, membranes were
incubated for 1 h at RT with the secondary antibody anti-rabbit IgG HRP conjugate (1:10,000,
Cat# NA934, GE Healthcare, IL, U.S.) diluted in 1 % BSA, 0.05 % Tween-20 and 0.01 % azide in

TBS. Finally, the membrane was washed twice with TTBS.

The membrane was revealed with a mix of solution A and solution B of chemiluminescent
reagents (1:1; Cat# TLA-100, Lumigen ECL Ultra TMA-6, Lumigen, Inc, Ml, U.S.). Optical density

of signals was obtained with a ChemiDoc™ MP Imaging system (Bio-rad, Hercules, California,

U.S.) and quantified with ImageLab™ software (Bio-rad, Hercules, California, U.S.).

6. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.01 (GraphPad software, San
Diego, CA, U.S.). Unless otherwise indicated, results are represented as mean with standard
error of mean (SEM). Normality of distributions was evaluated by D’Agostino and Pearson
omnibus normality test and statistical comparisons between groups were conducted using the
Mann-Whitney test; or the parametric one-way ANOVA with Tukey’s post-test in case of
normal distributions, and the non-parametric Kruskal-Wallis with Dunn’s post-test when
samples did no present a normal distribution. In the WMM, the Friedman test was applied to
test intra-group improvement over trials. The Log-rank test was employed to compare the
survival distributions among groups. The significance level was set at p <0.05. Animal and
sample size as well as the statistical test employed for each experiment is detailed in the

scatter plot graphs.



Results







Results

Part I. Epileptic, cognitive, behavioral, and motor
characterization of a novel mouse model of DS

1. Establishment of the colony of the transgenic mouse model of DS

A novel heterozygous KI mouse model of DS carrying the missense A1783V mutation in exon

26 of the Scnla gene was characterized. This mouse line, referred as Scn1gV™/At783V,

was
obtained by breeding males of the B6(Cg)-Scn1a™!Ps/J strain (The Jackson Laboratory, stock
no. 026133) with females from the B6.C-Tg(CMV-Cre)1Cgn/J strain (The Jackson Laboratory,
stock no. 006054). These strains are referred hereinafter as Scnl1aV™°* and CMV-Cre,
respectively. One of the Scnla alleles in the Scn1a®V™* strain contains exon 26 flanked by loxP
sites, followed by another exon 26 harbouring the A1783V mutation. When Scn1a"/"'** mice are
crossed with CMV-Cre mice, the floxed 26 exon can suffer Cre-mediated scission and the
A1783V mutation is incorporated in the mature mRNA expressed from this allele. Since the B6.C-
Tg(CMV-Cre)1Cgn/J strain expresses the Cre recombinase under the control of the ubiquitous
promoter CMV, the A1783V mutation occurs in one Scnla allele from all body tissues, mimicking
the genetic defect observed in most DS patients. The result of this mating protocol is
approximately 50% of the offspring with a WT genotype (Scn1a™"™"™ mice) and the other 50%

WT/A1783V mice), mimicking DS patients. Pups were

with one WT and one mutated allele (Scnla
weaned at 3-4 wo and all experiments were carried out in age-mated males and females of both

Scn1AVTA78V and Scn1a™W/WT genotypes.

Body weight of male and female mice was measured weekly from the third to the eighth
weeks of age. Results showed a significantly reduced body weight of Scn1a"V™A783V in both
genders compared to Scn1a™"WT littermates. Linear regression of body weight curves of
Scn1a"VA783V and Scn1a™WWT controls showed significant differences in elevation (p<0.001) but

not in slope (Figure 19).
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Figure 19. Progression of body weight of Scn1a"™""and Scn1a""/A1783V mice from the 3" to
the 8" weeks of age. Body weight representation of males (Scn1a™W"WT n=40; Scn1a"™/A1783v
n=15) (a) and females (Scn1a™W"WT n=30; Scn1a"V"/A178V n=20) (b). Points represent mean
values + SEM. Significant differences were observed in elevation (p<0.001) but not in slope
by lineal regression analysis.

2. Survival rate of Scn1aWT/A1783V mjce

A 24% mortality rate was observed in the Scn1a"V'** x CMV-Cre offspring. Genotyping of all
dead pups confirmed that they corresponded to Scn1a"A1783V mice in all analyzed cases. Once
animals were genotyped at 3 wo, the control of survival rate was more accurately analyzed.
Starting from the total percentage of Scn1a""/A1783V survivors at PW3, survival rate of these mice
dramatically decreased until the sixth week of age (approximately P40), resulting in 25% long-
term survivors. Death rate from PW6 to the end of the study (P120) was lower than 10% (Figure
20). In contrast, the survival rate of Scn1a"V™"T littermates was virtually of 100% throughout the

study, demonstrating the high mortality rate associated with the Scnia A1783V mutation.
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Figure 20. Scn1aV"/A1783V mice presents a high mortality rate. Control of mortality was
exhaustively analyzed after weaning (P21) to P120. Scn1a"WWT (n=219) and Scn1gW™/A1783V
(n=116) survival curves were significantly different. p<0.001, log-rank test.
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As mentioned in the introduction, SUDEP in DS mice can occur as a consequence of
bradycardia after a GTCS?.. Although continuous monitoring of animals is not currently feasible
in our facilities, we firstly documented spontaneous seizures in 15% of mice after PW3, although
after exhaustive observation of an increased number of mice during longer periods this
incidence is around 25%. Despite the limitations of this visual monitoring, this percentage of
spontaneous seizures seems too low to explain all cases of SUDEP. Therefore other mechanism

including respiratory control could play a key role?.

3. Analysis of Scnla expression

In order to determine if the Scnla-A1783V mutation induced any change in Scnla

WT/A1783V

expression, Scnla and Scn1a"V™T mice ranging from 5 to 8 months of age were

employed to perform a molecular analysis at mRNA and protein levels in several brain regions.

After sacrifice of animals, one brain hemisphere was used to determine the Scnla mRNA
levels by qRT-PCR in Ctx, HC, and Cb. The values were normalized against GAPDH mRNA and
represented as percentage vs Scn1aV”WT controls. Scn1a"/A1783V mice showed no changes in
Scnla mRNA levels in Ctx and Cb (Scn1aV™™WT vs Scn1a"V™A1783V 92.7 + 8.2%, and 91.2 + 4.2% in
Ctx and Cb, respectively), and a reduction in HC (70.9 + 5.4%) (Figure 21).
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Figure 21. Scn1a"W™A1783V mijce show a reduction of Scnla mRNA in HC. Mice with the
indicated genotypes were sacrificed at 5-8 months of age for analysis of Scnla mRNA by
gRT-PCR. Values were normalized against GAPDH mRNA levels and calculated as percentage
vs Scn1a™WWT controls (Scn1aW/WT n=6; Scn1aV/A1783V n=9). Data were analyzed by Kruskal-
Wallis with Dunn’s post-test (*p<0.05) and represented as mean + SEM.
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The same structures coming from the other hemisphere were employed to determine the
Nav1l.1 content in membrane-enriched protein extracts by WB. Representative blots of Nav1.1
and the housekeeping gene GAPDH are shown in figure 22a. Densiometric analysis of Nav1.1
bands normalized to GAPDH shows a slight, non-statistically significant reduction of in
Scn1aV/AY783V mice compared with Scn1aV™WT littermates (83.5 + 7.6%, 90.3 + 12.2% and 97.2 +

6.4% in Ctx, HC and Cb, respectively (Figure 22b).
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Figure 22. Total Navl.l content in the brain is similar between Scn1a“™"T and
Scn1aV/A178V mice. Mice with the indicated genotypes were sacrificed at 5-8 months of age
for analysis of Nav1.1 content by WB in the indicated brain structures. (a) Representative
blots showing Nav1.1 and GAPDH bands. Original blots were cropped and re-arranged to
display animals and brain regions grouped. Molecular weights expressed in kDa correspond
with the bands of the molecular marker. (b) Quantification of Nav1.1 content obtained from
densiometric analysis of blots. Individual values were normalized against their
corresponding GAPDH levels and represented as mean * SEM percentages of values vs
Scn1a™WWT controls (Scn1aWWT n=6; Scn1aVW/A1783V n=8). No statistical differences were
detected between Scn1a™W"T and Scn1a“W/A1783V mice when data were analyzed by one-way
ANOVA with Tukey's post-test.
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The IF assay was used to examine the spatial pattern of Navl.1 expression in brain samples of

WT/A1783V WT/WT

Scnla and Scnla mice. Brain slides were stained with a rabbit polyclonal anti-Nav1.1

(green) and DAPI (blue) for nuclei. Images of pCtx, DG, and Cb were taken in a fluorescence

WT/A1783V

microscope, detecting no obvious differences in Navl.1l content between Scnla and

WT/WT

Scnla groups (Figure 23a). Moreover, brain slices were visualized under confocal laser

scanning microscope (Figure 23b).
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Figure 23. Detection of Nav1.1 by IF. Mice with the indicated genotypes were sacrificed at
5-8 months of age for immunohistological analysis of Nav1.1 expression (green). (a) Images
acquired by fluorescence microscope in pCtx, DG, and Cb (n=4). The different structures of
each brain region were delimited by dotted lines according to the Allen adult mouse brain
reference atlas. In pCtx roman numbers indicate the different layers. In DG the lines indicate
the stratum lacunosum-moleculare of CA1 (CAl-sIm), molecular layer (GD-mo), granule cell
layer (DG-sg), and polymorph layer (DG-po) of DG. In Cb the molecular layer (ml), white
matter (wm), Purkinje cell layer (pcl), and granule layer (gl) are indicated (b) Visualization
under confocal laser scanning microscope of cortical layer V (Ctx-LV), DG, and Cb of

WT/WT WT/A1783V

Scnla and Scnla mice (n=4 for both groups).
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4. Hyperthermia-induced seizures in Scn1aW/A1783V pice

Since the first and main triggering factor of seizures in DS patients is hyperthermia episodes
(induced by elevated environmental temperatures or fever), the Scn1a"V™A7%3V mouse model
was subjected to elevated temperatures to determine their febrile/hyperthermia-seizure
threshold. For this purpose, Scn1a""/A1783V mice and their corresponding Scn1aV™"T littermates
were exposed to a gradual increase of environmental temperatures ranging from 25°C to a
maximum of 45°C or until the appearance of a GTCS. Both genotypic groups were divided into

three different age intervals: 1-2, 2-4 and 4-6 months of age.

All Scn1aVA783V mice suffered a behavioral seizure including manifestations corresponding
to scores 6-7 of Racine’s scale???. Average threshold was 38.4°C for Scn1a""/A1783V mice including
all ages (figure 24a). No significant differences were observed among the different age groups

(37.9+0.7°C, 38.4 £ 0.6°C, and 37.8 £ 0.7°C for 1-2, 2-4 and 4-6 months, respectively).

In contrast, less than 80% of Scn1a"™"T mice suffered seizures. Among them, the global
temperature threshold was 43.0°C, with no differences between age groups (42.7 £ 0.3°C, 43.0 +
0.3°C, and 43.5 £ 0.4°C for 1-2, 2-4 and 4-6 months, respectively).

In summary, we found a strong reduction of febrile-seizure threshold in Scn1a""/A1783V mice
compared with Scn1a“™"T controls in all age groups (***p<0.001, One-way ANOVA with Tukey’s
post-test), with a difference of more than 4°C. Figure 24b shows the cumulative seizure
probability; i.e., the distribution of probability to suffer a seizure at a given temperature for each
group at different age intervals. Data showed that the risk to suffer a seizure for Scn1a"™"" mice
comprised from 402C to 45°C in all ages. In contrast, Scn1a"V/A1783V mice presented a range from
31°C to 45°C for the age interval of 1-2 months, and ranges starting from 34°C to 42°C and 36°C

to 41°C for age intervals of 2-4 and 4-6 months, respectively.
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Figure 24. Scn1a"W™/A1783V show a marked predisposition to hyperthermia-induced seizures.
Age-matched Scn1a"W/A78V and control littermates of the indicated age ranges were
subjected to controlled increases in ambient temperature up to 45°C. (a) The graph shows
individual temperatures at the initiation of TCS and the average of each group. Thresholds
were significantly lower in Scn1a"W/A178V mice compared to Scn1a™W™"T controls in all age
intervals tested. Scn1gW"WT. 1-2 months n=23, 2-4 months n=31; 4-6 months n=16;
Scn1aW/A1783V: 1.2 months n=26, 2-4 months n=20; 4-6 months n=17. *** p<0.001, One-way
ANOVA with Tukey’s post-test. Data are represented as mean temperature + SEM. (b)
Cumulative seizure probability of mice depending on the ambient temperature. The Y axis
shows the fraction of mice experiencing seizures below a given temperature (in X axis).
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5. Electrophysiological characterization of Scn1aW"/A1783V mice

The electrophysiological analysis of the novel Scn1a"7A783V mouse model was carried out
thanks to the specialized contribution of the laboratory directed by Dr Julio Artieda and Dr

Miguel Valencia in the Neuroscience Program at CIMA.

These experiments were performed in five Scn1aV/AY783V mice and five Scniag"V™WT
littermates from one to three months of age by multisite recordings of electrophysiological
activity in pCtx and HC regions. Each mouse was firstly recorded during 30 min in freely moving
in an OF arena at RT. During this time local field potentials (LFP) together with simultaneous
video recordings were obtained and analyzed, revealing the presence of IEDs in all the
Scn1aV/A783V mice on basal conditions. Both focal (presence of IEDs in a single channel) and
generalized (presence of IEDs across several channels simultaneously) distributions were
observed in these mice (Figure 25). As expected, no IEDs were detected in any of their

Scn1aVWT littermates.

Next, mice were subjected to a gradual increase of ambient temperatures from 28 to 42°C

WT/WT

while brain activity was recorded. None of the Scnla mice showed evidence of IEDs during

the experiment nor the presence of clinic or subclinic seizures (defined as electrical seizures with
and without behavioral manifestations, respectively) (Figure 25a). In contrast, all Scn1g"/A1783V
mice showed the presence of numerous IEDs at increasing temperatures that ultimately led to
the appearance of clinical (4/5) or subclinical (1/5) heat-induced seizures (Figure 25b).
Visualization of video and electrophysiological recordings allowed the correlation of
electrophysiological and behavioral findings to the rRS for mice®??. At first stages of the
experiment, IEDs appeared randomly superimposed on the ongoing baseline activity with no
behavioral manifestation. At higher temperatures, electrical activity deceleration and
intermittent IEDs were accompanied with behavioral manifestations compatible with scores 0-2
of the rRS, following a stabilization of electrical activity (rhythmic) with clear neck jerks, head
nodding and clonic tail elevation (score 3). Finally, the electrical activity started to show
intermittent clusters of high amplitude polyspikes and spike-wave discharges separated by flat
EEG periods, accompanied by behavioral manifestations compatible with rRS 5-6 (TCS lying on
belly or side and wild jumping). Seizures usually persisted several minutes after removing the
animal from the recording/heating chamber, stopping only when placing mice in a colder
environment. In one case, the increase of temperature induced a SE of GTCS leading to death. In
two cases electrophysiological recordings allowed detection of a focal origin in the DG of the HC

with further generalization to other areas of the HC and pCtx (Figure 25c).
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Figure 25. Scn1a"W™A1783V mice present an elevated number of IEDs. Electrical activity of
Scn1aV™™WT and Scn1aW/A783V mice (n=5 for both groups) was measured during the gradual
increase of environmental temperature. Electrodes were placed in the pCtx, CA1l and DG
regions of the HC. The heat source was switch on at t=800 s. Representation of the electrical
activity recorded in a representative Scn1a"V (a) and a Scn1aV"/A78V mouse (b). Neither
IEDs nor seizures were observed in any of the 5 Scn1aVWT animals. In the Scn1g"W/A1783v
mouse, the seizure started at 38.94°C around t=1,700 s. Despite the heat source was
immediately disconnected, seizures persisted and were organized in clusters, even when
the animal was removed from the recording chamber (around t=2,250 s). Of note, IEDs were
present at RT (t<1,000 s) and their frequently increased as the temperature raised, reaching

WT/A1783V

a maximum right before the seizure onset. (c) Example of a seizure in a Scnla mouse

with focal origin in the DG that is further generalized (pointed by the arrow).
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6. Neurological characterization of Scn1aW/A1783V pice

In order to determine if this novel mouse model of DS is a suitable preclinical tool for the
development of new treatments for DS, it is mandatory to perform an exhaustive study of all
clinical manifestation to correlate them with those observed in DS patients. For this reason, a

wide battery of cognitive, behavioral, and motor tests was conducted in the Scn1g"/A1783V

mice,
which evidenced the presence of neurological comorbidities resembling those suffered by DS

patients.

6.1. Assessment of cognitive deficits

The cognitive delay observed in DS patients has been correlated with alterations in task
learning and visuo-spatial memory tests in several mouse models of DS396%88% Therefore,

Scn1a"VA783V mice were subjected to the following tests.

6.1.1.Morris water maze

Scnil aWT/A1783V

and Scn1a"™"T mice were subjected to the MWM test in order to evaluate
their working and spatial learnings. Both groups were tested at 1-3, 3-5 and 5-8 months age

ranges.

» Visible platform phase

This first phase of the MWM test consists of a training in which mice should learn to
escape from water by reaching the VP located in one of the four virtual quadrants of the
circular pool. After 5 consecutive days, mice should learn to localize the platform before 60 s,

resulting in a reduction of escape latencies throughout the training phase.

As seen in Figure 26, the VP phase of the test revealed that Scn1a"/A'783V mice learned
the new task more slowly than the littermate Scn1a"™"T controls. The escape latencies of

Scnil aWT/A17S3V

mice were significantly higher at any age interval compared to their age-
matched Scn1a"V™"T littermates in all steps of the test. Notwithstanding, significant learning
was present in both groups throughout the training phase (Friedman test, p<0.001 in all
groups), indicating that Scn1a"V™A1783V mice were able to learn the scape task, although with a
slower pace. These data correlate with the cognitive delay (but not regression) observed in

DS patients.
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Figure 26. Scn1a"V™/A783%V mijce show a learning delay in the performance of MWM-VP.
During 5 consecutive days, mice were trained to find the platform to escape from water.

The VP phase carried out in different age intervals showed an increased time to reach the

platform in the Scn1a"/A1783V mice compared with their Scn1a"W" controls. Scn1aVW™/WT: 1-3

months n=11; 3-5 months n=12; 5-8 months n=20; and Scn1aV/A1783V: 1.3 months n=17; 3-5
months n=10; 5-8 months n=22. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA with
Tukey’s post-test for VP1-2 and Kruskal-Wallis with Dunn’s post-test for VP3-VP5). Even so,
Friedman test revealed significant learning in both Scn1aVW/A783V and Scn1aV™WT groups
(p<0.001). Points represent the average time to reach the platform for each group.

» Invisible platform phase

Once all animals passed the training phase, they were subjected to the spatial memory
task of the test. In the IP phase, mice should create a spatial map using the surrounding
visual cues to localize the hidden platform below the level of colored water. In case of mice
suffering a cognitive impairment, they will not be able to find the platform guided by the

external cues, and they will show increased escape latencies compared to healthy animals.

Dramatic differences in escape latencies were observed between Scn1aVA783V and
Scn1a"W""WT groups (Figure 27). Scn1aV/A783V mice were unable to create a spatial map using
the visual cues, exhibiting higher escape times than Scn1a"™"T controls with virtually no
improvement over the training. In contrast, Scn1a"™"" mice reduced their latency times as
training progressed (p<0.001, Friedman test). Statistical differences between Scn1g"W™/At783v

WT/WT

and Scnla groups at any age interval were evident from the IP2 until the end of the

invisible phase.
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Figure 27. Scn1a"W"/A1783V mjce suffer a spatial learning delay in the MWMe-IP. During 8
consecutive days, mice were challenged to find the hidden platform helped by visual cues.
Scn1aVWWT: 1-3 months n=11; 3-5 months n=12; 5-8 months n=26; and Scn1agV/A1783V; 1.3
months n=17; 3-5 months n=10; 5-8 months n=23. Friedman test was used for the analysis
of learning curves (p<0.001 for Scn1a"W™”WT and p>0.05 for Scn1a"V"A178V mice), indicating
lack of learning in Scn1a"W/A783V mice. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA
with Tukey’s post-test for IP5 and IP8; and Kruskal-Wallis with Dunn’s post-test for IP1-4,
IP6-7). Points represents the average time to reach the platform for each group.

» Probe test

In order to determine the rate of memory consolidation, on days 4™, 7" and 9*" of the IP
mice were subjected to the probe test, which measures the time spent searching in the right

quadrant of the pool in the absence of the platform, during a period of 15 and 60 s.

In agreement with the lack of spatial learning, Scn1a"V/A7%83V mice showed no clear
preference for any quadrant (~25% time of permanence in the target one), demonstrating a
defect in memory retention in both Probe 15 (Figure 28a) and Probe 60 (Figure 28b).
Although Scn1a""A1783V mice spent up to 35% of the time in the right quadrant in the last

probe 15, this was lower than age-related Scn1a"™"T mice (p<0.001 Kruskal-Wallis test).
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Figure 28. Scn1a""/A178V mice present memory retention defects in the MWM-Probes
tests. On days 4, 7 and 9, memory retention was evaluated by the probe test at the first 15 s
(a) and in 60 s (b). The graphs represent the percentage of time spent in the right (target)
quadrant of the pool at each age interval. Scn1aV™"WT: 1-3 months n=11; 3-5 months n=12;
5-8 months n=26; and Scn1aV/A178V: 1.3 months n=17; 3-5 months n=10; 5-8 months n=23.
Values are represented as mean percentage of time in the target quadrant + SEM. Squares
indicate individual values. *p<0.005, **p<0.01, ***p<0.001 (one-way ANOVA with Tukey’s
post-test for Probe 15 day 4 and Probe 15 day 7 and all Probes 60, and Kruskal-Wallis with
Dunn’s post-test for Probe 15 day 9).
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6.1.2.Novel object recognition test

Supporting the cognitive assessment performed by learning and memory retention of MWM,
visuospatial memory was also evaluated through the NOR test, as described in the Methods

section.

Age ranges of evaluated mice were the same as in the MWM test. In this case, Scn1g"V/A1783V
mice retained their ability to remember a familiar object 1 h after the training phase (NOR 1 h),
showing values above 50% of exploration in all cases (Scn1aV™WT vs Scn1a"W/A1783V 68.5 + 2.9 vs
63.5+3.7% at 1-3 months; 68.6 + 4.1 vs 61.4 + 5.0% at 3-5 months; and 66.4 + 3.6 vs 59.8 + 3.9%
at 5-8 months) (Figure 29).
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Figure 29. Scn1a“V™™T and Scn1a“W/A78V mice exhibit similar short-term visuospatial
memory in the NOR 1 h. Mice from the indicated age intervals were exposed to familiar and
novel objects 1 h after training. The graphs show the percentage of time spent exploring the
novel object over the total exploration time (DI). Scn1a™W™"T: 1-3 months n=38; 3-5 months
n=22; 5-8 months n=27; Scn1aV/A178V. 1.3 months n=29; 3-5 months n=23; 5-8 months
n=37. No statistically significant differences were observed (one-way ANOVA with Tukey’s
post-test). Data are represented as the mean = SEM. Squares indicate individual values.

In contrast, an impairment of long-term visuospatial memory was detected in the NOR 24 h
in Scn1a"/A1783V mice. The reduced exploratory preference towards the novel object was
significantly marked in the 3-5 and 5-8 age ranges, showing values around 50% (Scn1a"V/At783V ys
Scn1a"WWT 1-3 months: 70.2 + 3.1% vs 58.6 + 3.9%, 3-5 months: 66.4 + 4.6% vs 47.1 + 4.1% and
5-8 months: 65.3 £ 3.1% vs 47.5 + 3.8%) (Figure 30). These results indicate a defect in LTM in this

WT/A1783V

Scnla mouse model, supporting the deficit in learning and spatial memory retention

observed in the MWM.
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Figure 30. Scn1a"W/A178V mice present a reduced long-term visuospatial memory in the
NOR 24 h performance. Mice from the indicated age intervals were exposed to familiar and
novel objects 24 h after training. The graphs show the percentage of time spent exploring
the novel object over the total exploration time (DI) Scn1a“""': 1-3 months n=37; 3-5
months n=22; 5-8 months n=27; and Scn1aW"/A1783V: 13 months n=28; 3-5 months n=29; 5-8
months n=36. Values are represented as mean t+ SEM. Squares indicate individual values.
**p<0.01 one-way ANOVA with Tukey’s post-test.

6.2. Characterization of behavioral manifestations

Several authors have evidenced the presence of behavioral abnormalities in previous mouse
models of DS, usually influenced by the genetic background®® and the specific Scnla
mutation®®. Scn1aV/A178V mice were also subjected to a battery of behavioral tests, including

the OF, marble burying, nesting building, and social interaction tests.

6.2.1.0pen-field test

The first parameter analyzed was the time spent in the center of the arena as an anxiety

WT/WT WT/A1783V

indicator. Compared to Scnla controls, Scnla mice presented a dramatic reduction
in this parameter, suggesting a strong anxiety behavior in them, which prioritized the safety of
the cage corners over their natural exploratory behavior (Scn1aV™WT vs Scn1aWV™/A783V 1.3
months: 149.6 + 7.4 s vs 84.2 + 11.0 s; 3-5 months: 143.5 + 11.5 s vs 60.1 * 6.3 s; and 5-8

months: 162.1 + 14.0 s vs 79.5 + 20.5 s) (Figure 31).
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Additionally, mean values of peaks velocities in the total arena of Scn1gW/A783v
significantly higher
(Scn1aV™™T vs Scn1aVT/A1783V; 1-3 months, 8.6 + 0.3 vs 10.3 + 0.5 cm/s; 3-5 months, 8.4 £ 0.7 vs

10.8 £ 0.7 cm/s; 5-8 months, 7.5 + 0.4 vs 9.9 + 0.4 cm/s) (Figure 32). This hyperactivity is in line
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Figure 31. Scn1a"/A1783V mice spent less time in the center of the arena. Mice from the
indicated age groups were recorded in the OF arena during 15 min, and the time spent in
the center of the space is represented. Scn1a“W™WT: 1-3 months n=44; 3-5 months n=23; 5-8
months n=29; and Scn1a"W/A1783V. 1.3 months n=29; 3-5 months n=28; 5-8 months n=37.
Values are represented as mean time in the center +
values. ***p<0.001, Kruskal-Wallis with Dunn’s post-test.

SEM. Squares indicate individual

than their Scn1aV™WT controls,

with the impulsive reactions observed during routine animal handling.
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Figure 32. Increased velocity in the total arena of the OF-field in Scn1aV"/A1783V mijce. Mice
from the indicated age groups were recorded in the OF arena during 15 min, and the mean
velocity of movements during this period was calculated in cm/s. Scn1aV™WT 1-3 months
n=44; 3-5 months n=20; 5-8 months n=27. Scn1a"W"A1783V 1.3 months, n=30; 3-5 months,
n=30; 5-8 months n=36. Values are represented as mean velocity £ SEM. Squares indicate
individual values. *p<0.05, ***p<0.001, Kruskal-Wallis with Dunn’s post-test.

mice were

indicating hyperactivity/impulsivity



In agreement with these results, an increase in the number of stereotypies was observed in

Scnil aWT/A1783V

mice compared with their Scn1a™WWT littermates, especially frantic and
continuous jumps in the walls of the box. This increase started at 3 months of age and become
evident in the late stage of the disease (Scn1a"“™"Tvs Scn1aVW™A1783V at 1-3 months: 3.0 + 0.4 vs
4.1 + 0.6; 3-5 months: 3.2 £+ 0.6 vs 5.2 +* 1.1, and 5-8 months: 2.8 + 0.5 vs 5.4 * 0.6

stereotypies/min) (Figure 33).
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Figure 33. The frequency of stereotypies in Scn1aV/A1783V mice is higher than in Scn1g"W™WT
controls. Mice from the indicated age groups were recorded in the OF arena during 15 min,
and the number of stereotypies per minute was annotated. Scn1a"™/"" 1-3 months, n=15; 3-
5 months, n=13; 5-8 months, n=17. Scn1g"W"/A1783V 1.3 months, n=14; 3-5 months, n=9; 5-8
months, n=24. Values are represented as mean + SEM. Squares indicate individual values.
*p<0.05, Kruskal-Wallis with Dunn’s post-test.

6.2.2.Marble burying test

Normal exploratory behavior in mice includes digging and burying objects, suggesting a good
interaction with their environment. This behavior parameter could be evaluated by the marble
burying test in which each animal is placed in a cage with twelve glass marbles disposed on the
surface of the bedding. At the end of the test, quantification of uncovered marbles provides the
degree of exploratory behavior: the more uncovered marbles the less interaction with the

environment.

The results obtained revealed an increase in the number of uncovered marbles in

Scn1aVW/AY78V mice at all ages when compared to Scn1a“V™™T controls (Scn1aWWT s

Scn1agW/A1783V gt 1-3 months: 6.0 + 0.5 vs 10.9 + 0.3; 3-5 months: 4.5 + 0.5 vs 8.7 + 0.6; 5-8
months: 4.1 + 0.5 vs 9.6 = 0.6 uncovered marbles) (Figure 34). Consequently, exploratory

behavior was also clearly impaired in this mouse model of DS.
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Figure 34. The number of uncovered marbles is higher in Scn1a"V™/A78V mijce than in
control littermates. Mice from the indicated age ranges were placed in a cage with 12
marbles in the surface of the bedding. The amount of buried marbles in 30 min is
represented as an indication of exploratory behavior. Scn1a“™"WT 1-3 months n=26; 3-5
months, n=34; 5-8 months, n=22. Scn1a"“/A178%V 1.3 months, n=20; 3-5 months, n=37; 5-8
months, n=18. Values are represented as mean = SEM. Squares indicate individual values.
***p<0.001, Kruskal-Wallis with Dunn’s post-test.

6.2.3.Nesting building test

Nest building is considered as a welfare indicator in rodents, which can be altered by illness,
injury or other stressors of animals. With the purpose of evaluating this species-adapted
behavior and therefore the healthy state of the DS mouse model, mice were provided with
nesting material and isolated for one night. The next morning, the presence or the absence of

nest and the extent of completion were analyzed.

Data were represented as percentages of mice that built a complete nest, built only a partial
nest or hardly touched the nesting material to build a shelter, considered as absent nest. As
seen in Figure 35, Scn1aV™ T mice presented higher percentages of complete and partial nests
(1-3 months: complete 68%, partial 18% and absent 14%; 3-5 months: complete 67%, partial
25% and absent 8%; 5-8 months: complete 6%, partial 67% and absent 27%), whereas any

Senl aWT/A1783V

mice barely build nests, with more than 80% of individuals unable to initiate
building at all age intervals tested (1-3 months: complete 0%, partial 14% and absent 86%; 3-5
months: complete 5%, partial 11% and absent 84%; 5-8 months: complete 0%, partial 5% and

absent 95%).
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Figure 35. Scn1aV"/A1783V mjce show a poor performance of nest completion. The intensity
of bars indicates the degree of nest building performance for each group and age interval:
dark colors represent the building of complete nest, medium colors indicate the presence of
an initiated o partial nest, and light colors indicate the total absence of nest. Scn1g"W™/"™ 1-3
months, n=22; 3-5 months, n=12; 5-8 months, n=16. Scn1a"“"/A1783V 1.3 months, n=14; 3-5
months, n=19; 5-8 months, n=21. Results were calculated as the percentage of Scn1g"W™WT
and Scn1gW/A1783V gnimals for each of the three nest building scores.

6.2.4.Social interaction

Several studies have supported de presence of clinical features of autism-like not only in DS
patients??>2%6 but also in some mouse models of the disease®®>%!, To determine if the novel
Scn1aVW/A178V mouse model also presented an autism-like behaviour or impairment in social
disabilities, each animal was exposed to a non-familial mouse to measure the number of

contacts and the latency to the first interaction between them.

In contrast with the previous behavioural alterations, Scn1a"VA783V mice only showed mild
signs of impaired sociability when compared with Scn1a"""" controls. In fact, only Scn1g"V™/A1783V
mice in the intermediate age group exhibited a moderate reduction in the number of contacts
per min (Scn1aV"WTvs Scn1a"W/A1783V at 1-3 months: 4.7 + 0.4 vs 3.9 + 0.4; 3-5 months: 5.2 + 0.4
vs 3.7 £ 0.2 and 5-8 months: 4.6 + 0.4 vs 4.1 + 0.4 contacts/min) (Figure 36a). In agreement with
this result, the latency of the first interaction was higher in this age group (Scnia"V™"T vs
Scn1aWVT/A1783Vat 1-3 months: 17.8 + 4.3 vs 19.1 + 3.2's; 3-5 months: 8.1 +2.0vs 21.1 + 4.4 s, and
5-8 months: 14.5 + 3.7 vs 18.3 + 3.3 s) (Figure 36b), suggesting that the main reason for the

reduced number of contacts is the delay in the establishment of the first interaction.
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Figure 36. Scnla mice show mild signs of social impairment. Mice from the

indicated age ranges were individually exposed to a non-familial mouse and recorded
during 15 min. The number of contacts of the tested mice towards the reference one (a)
and the latency to the first contact (b) are represented. Scn1a"W™WT 1-3 months, n=16; 3-5
months, n=11 and 5-8 months, n=18. Scn1a"W"/A1783%V 1.3 months, n=15; 3-5 months, n=10
and 5-8 months, n=15. Values are represented as mean * SEM. Squares indicate individual
values. *p<0.05, Kruskal-Wallis with Dunn’s post-test.

6.3. Evaluation of motor disabilities

In DS patients, motor disabilities become evident during the worsening stage, exhibiting a
clear ataxia and unsteady gait??’. These motor features were also observed in mouse models of
DS and were related with the reduction of sodium current and firing action potentials in
cerebellar Purkinje neurons®. In order to evaluate motor skills of the Scn1a"“"A1783V model, mice

were subjected to a battery of motor test, including rotarod, inverted grid and elevated beam.

6.3.1.Rotarod

The rotarod test is an optimal tool to evaluate the physical condition of mice, as well as their
coordination and balance. After a training period, each mouse was allowed to walk on the
rotating rod at increasing velocities, measuring the time they remained walking on it (also

referred as latency to fall).

As seen of Figure 37, the ANOVA test showed a reduction in walking ability on the rotarod in
Scn1aV/A783V mice compared with their Scn1aV™WT littermates, especially in the intermediate
and older ages (Scn1a“W”WT vs Scn1a"W/A1783V at 1-3 months: 63.0 + 3.7 vs 53.7 + 8.6 s; 3-5
months: 67.7 + 9.4 vs 45.1 + 8.0 s, and 5-8 months: 59.2 + 5.8 vs 32.8 + 4.6 s). These results
suggest that motor performance declined over time in this DS mouse model in the same way

that happens in DS patients.
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Figure 37. Performance in the rotarod test is reduced in Scn1a"V"/A1783V mijce. Mice from the

indicated age ranges were forced to run on the rotary rod after a training period. The graph
represents latency to fall. Scn1aW™WT 1-3 months, n=31; 3-5 months, n=16; 5-8 months,
n=24. Scn1aVW/A178V 1.3 months, n=18; 3-5 months, n=16; 5-8 months, n=25. Data are
represented as mean * SEM. Squares indicate individual values. *p<0.05, **p<0.01, one-way
ANOVA with Tukey’s post-test.

6.3.2.Elevated beam

In addition to the rotarod assessment, the elevated beam test also allowed the evaluation of
motor coordination and balance in Scn1a""/A1783V mice. For this purpose, mice were placed in an
elevated footbridge, measuring the time they were able to walk through it for a maximum of 2

min. The time they remained in the beam was designated as latency to fall.

In this case, Scn1a"W/A78V mice exhibited lower times walking on the beam compared to
Scn1a™™™T mice controls in all of the age intervals tested (Scn1aVW™WT vs Scn1aVW/A783V gt 1-3
months: 119.8 + 0.2 vs 92.1 + 10.8 s, 3-5 months: 109.7 + 5.6 vs 73.0 + 10.4 s and 5-8 months:
109.7 £ 5.5 vs 65.6 = 7.0 s) (Figure 38). As observed in the rotarod test, impairment in

coordination and balance showed a tendency to worsen over time.
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Figure 38. Latency to fall in the elevated beam test is reduced in Scn1a"W/A1783V mice. Mice
from the indicated age ranges were placed on the elevated footbridge, and the latency to fall is
represented. Scn1a"W"/WT 1-3 months, n=20; 3-5 months, n=14; 5-8 months, n=26. Scn1gW/A1783V
1-3 months, n=11; 3-5 months, n=14; 5-8 months, n=31. Data are represented as mean time *
SEM. Squares indicate individual values. *p<0.05, **p<0.01, ***p<0.001, Kruskal-Wallis with
Dunn’s post-test.

6.3.3.Inverted grid

Finally, the performance of the inverted grid test provided information about the
strength/weight ratio of the DS mouse model. This test measures how long were mice are able

to remain hanging in a grid for a maximum of 60 s.

Statistical differences between Scn1a"“""and Scn1a"/A1783V groups were observed in all age
intervals, with a decreased latency to fall in all Scn1aV™A78V mice over their corresponding
Scn1a"W"T controls (Scn1a™WWT vs Scn1a™W/A1783V at 1-3 months: 59.60+ 0.3 vs 44.4 + 4.4 s; 3-5

months: 55.6 £ 2.3 vs 41.5 + 3.5 s, and 5-8 months: 51.2 + 3.9 vs 33.0 + 3.7 s) (Figure 39).
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Figure 39. Performance in the inverted grid test is reduced in Scn1a"“"/A1783V mijce. Mice from
the indicated age ranges were placed in the inverted grid, and the latency to fall is indicated.
Scn1a™WWT 1-3 months, n=25; 3-5 months, n=21; 5-8 months, n=14. Scn1g"W"/A1783%V 1.3 months,
n=13; 3-5 months, n=29; 5-8 months, n=16. Data are represented as mean time * SEM. Squares
indicate individual values. **p<0.01, ***p<0.001, Kruskal-Wallis with Dunn’s post-test.
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Part 1Il. Proof of concept of SCN1IA gene
supplementation in DS.

7. Validation of plasmids expressing SCN1A

The second main aim of this work is to provide a proof of concept about the feasibility of gene
supplementation of the entire SCN1A coding sequence for the treatment of DS, using the previously
characterized mouse model. Our hypothesis is that using HC-AdVs, expression of therapeutic levels of
the transgenic Nav1.1 will be maintained for long periods of time after one single administration,
avoiding the need for expression of exogenous proteins, and offering the opportunity to treat the

disease from its etiological origin.

However, recombinant sodium channels, especially Navl.1, present particular challenges
including their large coding sequence (6 Kb in length in the case of SCN1A) and their DNA instability.
Alternative splicing of coding exons is the most common mechanism, although RNA editing of specific
nucleotide sequences also contributes to the synthesis of different protein variants with changed
function and expression patterns??®22°, To circumvent this issue, it has been proposed a particular
cloning protocol including transformation in recombination-free bacteria (for instance Stbl4
competent cells) and growing at low temperatures (27-30°C)*°. Unfortunately, when the synthesis of
the SCN1A sequence was ordered to a commercial source, it still contained a substantial fraction of
copies with altered pattern (see Appendix Figure 1). It was only by designing a codon-optimized
version (hereinafter referred to as SCN1Aco) when the sequence became stable in E.Coli. The codon-
optimization is a widely used method to improve recombinant protein expression by accommodating
codon bias, which in this case allowed the successful amplification of the SCN1A sequence under the

recommended conditions.

Once the stable SCNIA cDNA was obtained, it was subcloned in several expression cassettes
under the control of different ubiquitous regulatory sequences in order to verify the expression and
function of the transgene. To this aim, the HEK-293 cell line was chosen due to its low expression of
endogenous Navl.1 levels and its high permissibility for transfection. Cells were transfected with
three different plasmids expressing the codon-optimized version of the SCN1A sequence: one under
the control of the viral CMV early enhancer and promoter, a second one with the hybrid CAG
promoter (early CMV enhancer, chicken B-actin promoter with first intron and rabbit B-globin splice
acceptor), and the last one with the human EFla promoter (Figure 40). These promoters have

previously shown the ability to mediate effective transgene expression in several neuronal cell
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types?317233, This last plasmid also co-expressed the reporter gene GFP by virtue of an IRES sequence.

The pCDNA3 empty plasmid was used as a negative control.
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Figure 40. Schematic representation of plasmids carrying the codon-optimized version of
SCN1A. CMVp, early enhancer and promoter; CAGp, CAG promoter (early CMV enhancer, chicken
B-actin promoter with first intron and rabbit B-globin splice acceptor); EFlap, human elongation
factor 1la promoter; IRES, internal ribosomal entry site; EGFP, enhanced green fluorescent
protein; pA, poly-adenylation sequence. Not drawn to scale.

Quantification of SCNIAco mRNA levels by qRT-PCR 48 h after plasmids transfection confirmed
the efficient expression of the transgene under the control of the three promoters. Values were
calculated as the number of copies of SCN1IAco mRNA per cell. (3541.4 + 1534, 2302.5 + 246.7 and
565 + 90.9 copies per cell for pPCMV-SCN1A, pCAG-SCN1A, and pEF-SCN1A-GFP, respectively) (Figure
41). Values were compared by the Kruskal-Wallis with Dunn’s multiple comparison test, showing that
the EFla promoter is relatively weaker than CAG (**p<0.01, Kruskal-Wallis with Dunn’s multiple

comparison test).
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Figure 41. Evaluation of SCN1Aco expression plasmids in HEK-293 cells by qRT-PCR. Cells were
transfected with the indicated plasmids and mRNA levels were determined 48 h later by gRT-PCR
using primers specific for SCN1Aco. (pCDNA3 n=7; pCMV-SCN1A n=7, pCAG-SCN1A n=4; pEF-
SCN1A-GFP n=4). Values are represented as copies of SCNIA mRNA per cell £+ SEM. **p<0.01,
Kruskal-Wallis with Dunn’s multiple comparison test; nd, not detected.

Next, detection of the Navl.1l channel was performed by WB analysis in membrane-enriched

extracts. Data obtained from the representative blots of Navl.1 and GAPDH blots (Figure 42a) were
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analyzed to obtain the densiometric value of Navl.l content for each plasmid. Results were
calculated as mean percentage of Navl.1/GAPDH ratio + SEM. As expected, the result showed lower

Nav1.1 content in cells transfected with pEF-SCN1A-GFP compared with pCAG-SCN1A (Figure 42b).
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Figure 42. Detection of Navl.l content by WB in transfected HEK-293 cells. Cells were
transfected with the indicated plasmids, and detection of Navl.1 content was performed 48 h
after cell transfection. (a) Representative blots showing Nav1.1 and GAPDH bands. Original blots
were cropped and re-arranged. Molecular weights expressed in kDa correspond with the bands
of the molecular marker. (b) Quantification of Navl.1 content obtained from densiometric
analysis of blots (n=3 for each plasmid). Individual values were normalized against their
corresponding GAPDH levels and represented as mean = SEM. *p<0.05, Kruskal-Wallis with
Dunn’s multiple comparison test.

Additionally, Nav1.1 channels were detected by IF assay. As seen in figure 43, Nav1.1 expression is
higher in the case of pCMV-SCN1A and pCAG-SCN1A compared with pEF-SCN1A-GFP, following a

similar patter as observed by qRT-PCR and WB.
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Figure 43. Detection of Nav1.1 by IF assay in transfected HEK-293 cells. Cells were transfected
with the indicated plasmids, and 48 h later they were processed for immunostaining. Upper
panels correspond to images taken under visible light, whereas lower panels represent the
expression of Navl.1 (red) determined by IF.

The functionality of the Navl.1 channel expressed from the SCN1Aco transgene was
verified by patch-clamp experiments using the pEF-SCN1A-IRES-GFP plasmid, which allows
identification of transfected cells under a fluorescence microcopy. These experiments were
performed by Jan Ténnesen and Cristina Miguelez in the Achucarro center for neurosciences

(Bilbao, Spain) (see Appendix Figure 2).

8. Feasibility of HC-AdVs expressing SCN1A

Once it was confirmed the stability and functionality of the SCN1Aco sequence, a proof of concept
of feasibility of vectors expressing SCN1A was initiated. Considering the special requirements of
cloning capacity and genetic stability, HC-AdVs are suitable candidates. From the repertoire of
expression plasmids described above, we discarded pCMV-SCN1Aco because the CMV promoter is
prone to silencing in vivo?**. The CAG-SCN1A and EF-SCN1A-IRES-GFP cassettes were introduced in a
pro-vector plasmids derived from pDelta28E4%>. This plasmid contains the AdV’s ITRs and packaging
signal as well as non-coding stuffer DNA from human origin. To accommodate these large cassettes,
the stuffer DNA in pDelta28E4 was shortened in 5 and 8 Kb to give rise to pD23 and pD20 plasmids,
respectively. For initial vector rescue, the resulting pD23-CAG-SCN1A and pD20-EF-SCN1A-GFP
plasmids were transfected in the 293-Cre4 packaging cells, which were subsequently infected with
the AdTetCre HV, as previously described?®. We found that both prototypic vectors HCA-CAG-SCN1A
and HCA-EF-SCN1A-GFP are feasible and can be produced under standard methods (Figure 44).
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Figure 44. Schematic representation of HC-AdV vectors carrying the codon-optimized version of
SCN1A. Production of HCA-CAG-SCN1A and HCA-EF-SCN1A-GFP vectors carrying the optimized
version of SCN1A were feasible using conventional protocols. The genomic structure of vectors
are not drawn to scale.

In order to validate the function of these vectors, they were used to infect the SH-SY5Y
neuroblastoma-derived cell line at MOIs 10 and 100 (vg/cell). Forty-eight hours later, cells were
collected and processed for qRT-PCR and IF assays. Non-infected cells were used as control. The 36b4
gene was employed as housekeeping and results were calculated as 2ACT?%, The quantification of
SCN1Aco mRNA in infected cells demonstrated a dose-dependent effect and a higher expression of
HCA-CAG-SCN1A than HCA-EF-SCN1A-GFP (Figure 45) (4567 + 4210 and 0.2 + 0.1 2ACT for HCA-CAG-
SCN1A and HCA-EF-SCN1A-GFP at MOI 100, respectively (p<0.05, Kruskal-Wallis with Dunn’s multiple

comparison test).
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Figure 45. SCN1Aco mRNA levels of SH-SY5Y cells infected with HCA-CAG-SCN1A are higher
than infection with HCA-EF-SCN1A-GFP. Cells were infected with the indicated vectors at MOls
10 or 100, and cell extracts were obtained 48 h later for quantification of SCN1Aco mRNA by gRT-
PCR. Data are represented as mean 2ACT + SEM. *p<0.05, Kruskal-Wallis with Dunn’s multiple
comparison test.

These results were confirmed by an IF assay in which higher Nav1.1 content was observed in cells

infected with HCA-CAG-SCN1A than HCA-EF-SCN1A-GFP (Figure 46).
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Figure 46. Detection of Navil.1l by IF in SH-SY5Y cells infected with the vectors. Cells were
infected with MOI 10 and 100 of HCA-CAG-SNC1Aco and HCA-EF-SCN1A-GFP vectors and
analyzed by IF 48 h later. Upper images correspond to Nav1.1 staining (red), middle images show
GFP epifluorescence (green), and lower images are the merge of both staining, with yellow color
indicating co-localization of Nav1.1 and GFP.

9. CAG and EFla promoters: stability of transgene expression in the brain using HC-AdVs

The previous in vitro data suggest that the CAG promoter is adequate for transgene expression in
neuronal derived cells. However, since this promoter is a synthetic hybrid consisting of viral and
eukaryotic sequences, there are some concerns about silencing, as shown in some organs such as the
liver?®, Therefore, to evaluate the in vivo stability of transgene expression driven by CAG and EFla
promoters in the brain, HC-AdV vectors expressing the reporter gene luciferase under the control of
these promoters were produced. HCA-CAG-Luc and HCA-EF-Luc were bilaterally injected in the brain
of C57BL/6 mice (BG and Cb, 2 pL per injection point adjusted to 6.5x10% vg/uL), and luciferase
expression was noninvasively monitored by BLI from day 2 post-administration to day 160. In both
cases, kinetics of light emission followed a similar pattern in mouse brain, showing an acute decrease
during the first 4 weeks and finally a prolonged stabilization stage (Figure 47). This observation is in
accordance with expression kinetics obtained in previous studies after intracerebral®® and

systemic?’

administration of HC-AdV vectors. It may reflect the initial transduction of heterogeneous
cell populations with different lifespans, or the cessation of inflammatory responses that could
inhibit transgene expression. In this case, the result is compatible with long-term expression from

neurons, using both promoters.
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Figure 47. Kinetics of transgene expression in mice treated with HCA-CAG-Luc and HCA-EF-Luc
vectors. C57BL/6 mice (n=6) received bilateral injections of the indicated vectors in BG and Cb (2
uL per injection site at 6.5x10% vg/uL), and luciferase activity was monitored by BLI for more than
5 months. The graph shows light emission (in photons (ph)/s) from the head.

Based on the previous results and the antecedents in the literature, we considered the
HCA-CAG-SCN1A vector is a suitable tool to perform a proof of concept evaluation of the

potential therapeutic effect of SCN1Aco supplementation.

10. Biodistribution of AdV vectors in the brain

Before evaluating the therapeutic potential of HCA-CAG-SCN1A in the newly characterized DS
mouse model we decided to characterize the biodistribution of adenoviral vectors in the brain. DS is
a multifocal epilepsy with multiple epileptogenic origins?®2% and the impairment of Nav1.1 channels
in different brain regions*** is associated with other neurological comorbidities. Taking these facts
into consideration, a broad SCN1A expression throughout the brain would be desirable, although

localized expression in critical areas could provide relevant benefits.

Since FGAdV share the same capsid structure as HC-AdV; therefore, these vectors are a cost-
efficient way to investigate distribution and tropism throughout the different brain structures. The
Ad-CAG-GFPLuc vector is a FGAdV expressing a fusion protein of luciferase and GFP under the control
of the CAG promoter. This dual reporter gene allowed global quantification of transduction by
luciferase activity and the possibility to identify individual GFP-expressing cells and their specific
localization by epifluorescence or microscopy techniques. For this purpose, the Ad-CAG-GFPLuc

vector was administered by stereotaxic injection in 5 wo C57BL/6 mice in the following individual
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brain structures from both hemispheres: Ctx (including prefrontal, somatosensory, and visual cortex),
HC, BG and Cb. Forty-eight hours after surgery, in vivo light emission from brains was measured by
BLI. Since this type of quantification gives poor spatial resolution because the light is heavily
quenched and distorted by the skull (Figure 48), mice were immediately sacrificed, and brains were
extracted for detailed analysis. One hemisphere was dissected in several brain structures, including
pCtx, ptCtx, HC, Cb, BS, BG and HT to measure their individual luciferase activity expressed as RLU per
region for each administration route. Results obtained showed that single administrations in Ctx and
BG (Figures 48a and 48c, respectively) presented high values of luciferase activity not only in the
injected area but also in other regions including ptCtx, HC, Cb, and HT. Nevertheless, injections in HC
and Cb (Figures 48b and 48d) showed good luciferase activity in the injected regions, especially in the
case of Cb, but with lower diffusion to other brain areas. These results prompted us to explore some
combinations of injections such as BG+Cb and pCtx+BG+Cb. Interestingly, combinations of injected
regions were well-tolerated and presented the highest transgene expression in all structures

collected, with the exception of pCtx in the case of BG+Cb administration (Figure 48e).
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Figure 48. In vivo and ex vivo luciferase activity in mice injected in different brain regions with
the Ad-CAG-GFPLuc vector. The vector was administered to C57BL/6 mice (n=3 for each group
and n=7 for the pCtx+BG+Cb group) by bilateral stereotaxic injections in the indicated brain
regions (1.5 pL/injection at 3.5x107 vg/uL). Forty-eight hours later, BLI was performed and brains
were then dissected in several structures (pCtx, ptCtx, HC, Cb, BS, BG and HT) to quantify the ex
vivo luciferase activity in tissue extracts using a luminometer (a) pCtx, (b) HC, (c) BG, (d) Cb, (e)
BG+Cb, (f) pCtx+BG+Cb. Values correspond to the mean of total luciferase activity (Relative
Luciferase Units, RLU) from each brain region + SEM.

Since the global luciferase activity from each region is influenced by its total tissue mass, in figure
49 we represent the specific luciferase activity relative to the protein content (RLU/ug protein). In
agreement with the previous observation, the initial results showed that one single administration in
BG was able to achieve a wider distribution of luciferase expression over other brain regions, with
relatively lower penetrance in pCtx, Cb, and BS (Figure 49c). Single administration in Ctx showed an
intermediate vector diffusion behavior (Figure 49a) between the wide spread of BG and the more

restricted expression in the injected area after HC and Cb single administrations (Figures 49b and
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49d, respectively). It was only with combinations of injections in different brain structures when the
expression was relatively homogeneous, especially with the three-points combination in pCtx+BG+Cb
(Figure 49f). Interestingly, HT presented a good transduction, especially after BG and Ctx
administrations. The low luciferase activity in the liver in all administration routes indicated that the

systemic exposure of the Ad-CAG-GFPLuc vector was marginal, restricting its activity mainly to the

brain tissue.
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Figure 49. Specific ex vivo luciferase activity in mice injected in different brain regions with the
Ad-CAG-GFPLuc vector. The vector was administered as described in Figure 48. Ex vivo luciferase
activity in tissue extracts (pCtx, ptCtx, HC, Cb, BS, BG and HT) is represented as RLU/ug protein. A
liver sample (Li) was collected to evaluate extracerebral spread of the vector. (a) bilateral
administration in pCtx, (b) HC, (c) BG, (d) Cb, (e) BG+Cb, (f) pCtx+BG+Cb. Values correspond to the
mean luciferase activity per ug of protein from each brain region + SEM.

In order to confirm these quantitative results, the other brain hemispheres were employed to
detect the GFP expression by IF. Brain slides were selected according to the coordinates employed
for the administration routes, showing a good correlation between the luciferase activity and the GFP
expression in most of the injected areas (Figure 50a). Apart from its higher GFP expression, BG
continued to be the most suitable area for the vector diffusion among other connected areas,
followed by an efficient expression in the Cb after a single local injection in this site. In contrast, IF
revealed that GFP detection after injection of vector in the prefrontal, somatosensory, and visual
cortical areas was mainly restricted to the injected areas, with other structures such as BG and HC
mainly devoid of positive cells (Figure 50a). As expected, HC showed the lowest vector distribution,

with most transduced cells located in the corpus callosum (cc). Finally, IF visualization in BG region
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using specific antibodies revealed that both neurons and glia were transduced with the Ad-CAG-
GFPLuc vector (Figure 50b). This observation is in line with previous studies in which neuronal and

glia cells were also transduced employing HC-AdV?® and the CAG promoter?3.,

Figure 50. IF analysis revealed that BG and Cb were the areas with more transduced cells, including
neurons and astroglia. The Ad-CAG-GFPLuc vector was administered as described in figure 48. Two
days later, one brain hemisphere was processed for detection of GFP by IF (a) GFP is marked in
green. Nuclei were counterstained with DAPI (blue). A dotted line delineates the surface of brains.
Pictures show sagittal sections. The location of injections is indicated on the left (Ctx, HC, BG, Cb). (b)
Co-staining of GFP (green) and NeuN or GFAP (both red) antibodies in BG revealed the transduction
of neurons (upper panels) and astroglia (lower panels).

In light with these results, combination of injection in different brain structures seemed to be the
best option to obtain a broad transgene expression throughout the brain. Despite there is a certain
controversy about these multisite brain surgeries, we found good tolerance in the mouse model. The

rate of surgical complications was less than 5%.
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11. Therapeutic evaluation of intracerebral administration of HCA-CAG-SCN1A vector in

adolescent Scn1aW/A1783V mijce

11.1. Invivo evaluation of SCN1Aco transgene expression

In order to evaluate the therapeutic efficacy of the prototypic HCA-CAG-SCN1A vector, it was

WT/A1783V

tested in the novel Scnla mouse model of DS.

Firstly, to validate the in vivo functionality and tolerability of the transgene, 5 wo Scn1gW™/At783V
mice were injected with 1.5 pL of HCA-CAG-SCN1A vector (2x107 vg/injection) in BG, bilaterally (n=4).
As surgery controls, other group received the same volume of saline solution (n=4), whereas

untreated Scn1gW"WT

mice were used as controls (n=4). One week after vector/saline administration
mice were sacrificed and expression of SCN1Aco in the injected area was evaluated by qRT-PCR. As
expected, only SCN1Aco-treated Scn1a"W"/A1783V mice presented expression of the transgene, with an
average of 7.4x10° + 2.1x10° SCN1Aco copies/ug mRNA (Figure 51). To determine the possible
influence of the transgenic SCN1Aco on the expression of the endogenous gene, mRNA levels of the
mouse Scnla were also evaluated using specific primers. The non-parametric Kruskal-Wallis with
Dunn’s post-test revealed no significant differences in endogenous Scnla expression between

Scn1a"VWT and treated/untreated Scn1a"V"AY783V mice (Scn1a"VWT: 1.1x10° + 4.3x10°%; Scn1gWT/A1783V4

saline: 1.2x10° + 8.1x10% Scn1a""/A1783V+SCN1Aco: 1.4x10° + 3.8x10%).
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Figure 51. Expression of transgenic SCN1Aco and endogenous Scnla in Scn1aVW/AY783V mice
treated with HCA-CAG-SCN1A. The vector was administered by bilateral injection in the BG of
Scn1aV/At783V mjce (n=4, 22x107 vg/injection), and one week later they were sacrificed for
quantification of SCN1Aco and mouse Scnla by gRT-PCR. Untreated (saline-injected) and
Scn1aV”WT mice were included as controls. Data were represented as mean of gene copies per g
of mRNA + SEM. nd, not detected.
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The IF analysis of brain samples revealed a low percentage of cells expressing Navl.1 above
endogenous levels in Scn1a"“7A78V mice injected with the HCA-CAG-SCN1A vector (Figure 52a).
However, the number of cells expressing more moderate levels of the channel -and therefore
indistinguishable from endogenous expression- could be higher. The Navl.l content was also
analyzed in membrane-enriched protein extracts obtained from BG of treated mice by WB. No global

increase of the channel was observed in these animals (Figure 53b).

Altogether, the analysis of transgene expression is compatible with over-expression of Navl.1 in a
subset of cells in the injected areas, which causes no significant increase the global amount of the

channel.
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Figure 52. Detection of Nav1.1 in mice treated with HCA-CAG-SCN1A by IF and WB. Mice were
treated as described in Figure 51 (n=4). (a) Navl.1l expression was addressed by IF (green),
counterstaining the nuclei with DAPI (blue). The region analyzed corresponds to the lateral
globus pallidus (LGP) and part of caudate-putamen in the BG region, as indicated by the brain
map obtained from the Paxinos” mouse brain atlas (access online via Elsevier, 2001). Dotted lines
delimitate different structures, including Ctx, cc, and the lateral ventricle (LVC). (b) Navl.1
expression was also evaluated by WB in membrane enriched protein extracts prepared from BG.
Representative blots show Navl.l and GAPDH bands. Original blots were cropped and re-
arranged to display animals grouped. Molecular weights expressed in kDa correspond with the
bands of the molecular marker.

11.2. Electrophysiological analysis of SCN1Aco-treated mice

In order to determine if the pattern of expression described above has a functional correlation,
treated mice were subjected to electrophysiological analysis. Additional Scn1a“W/A783V mice were
bilaterally injected in BG with 1.5 pL of HCA-CAG-SCN1A vector (1.3x108 vg/injection, n=6). As surgery
controls, other group received the same volume of saline solution in the same coordinates (n=6).
During the surgical procedure, one superficial electrode was located on the pCtx, 3-4 deep electrodes
in BG, and two others in the Cb that were used as ground and reference. One week after surgery,
both SCN1Aco-treated and control mice were subjected to electrophysiological recordings.
Scn1a"W™T mice were also registered as a healthy control group. Analysis of electrophysiological
recordings obtained from the superficial electrodes placed in pCtx, showed a near complete
normalization as compared with Scn1aV™”"T mice (Figure 53a). Of note, the activity registered in
superficial electrodes mimics the EEG evaluation that could be routinely performed in DS patients.

WT/AL783V mjce treated with the

Quantification of IEDs demonstrated a significant reduction in in Scnla
HCA-CAG-SCN1A vector (Figure 53b). This amelioration of IEDs was also observed in the recordings
obtained from the deep electrodes placed in BG (Figure 53c). These results suggest a good
tolerability of the SCN1Aco transgene and the restoration of EEG activity after one single

administration in BG of the therapeutic vector.
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Figure 53. Scn1a"W"/A1783V mice treated with the HCA-CAG-SCN1A vector show an improvement of
brain electrophysiology. Scn1a"V"/A1783V mice were bilaterally administered in BG with vector (2x107
vg/injection, n=6 for both groups) or saline as a control. Fifteen min later, one superficial electrode
was placed in pCtx, and four deep electrodes in BG. One week after surgery, mice were subjected
to electrophysiological recordings. (a) Electrophysiological signals registered by the superficial
electrode placed in pCtx in Scn1a™W™WT (upper signal), control Scn1aV/A783V mice (middle signal)
and treated Scn1aV/A1783V mice (lower signal). (b) SCN1Aco-Scn1a"W/A178 treated mice presented
a significative lower number of IED’s per min than control Scn1a"V"/A783%V mice in pCtx recording
(**p<0.01, Kruskal-Wallis with Dunn’s post-test). (c) Electrophysiological signals registered by the
deep electrodes placed in BG in Scn1aW'/A178V control mice (upper panel) and SCNIAco-
Scn1aVT/A78V treated mice (lower panel) faithfully reproduced the effect observed in cortex.
Electrodes located in different regions of BG allowed the electrophysiological recording of several
channels: GP/CP2, GP/CP4, GP/CP1, and GP/CP3. The time represented corresponds to an interval
of 10s.

11.3. Survival rate and febrile-seizure threshold of HCA-CAG-SCN1A-treated mice

In line with the improvement of electrophysiological activity observed after one administration of
HCA-CAG-SCN1A in BG, and based on the previous biodistribution studies, further evaluation of
safety and therapeutic potential of this vector was performed in the double injection in BG+Cb and

the triple combination in pCtx+BG+Cb. In this respect, a major proportion of brain structures will
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express the SCN1Aco transgene, which could result in a reduction of epileptogenic origins and

amelioration of the neurological comorbidities.

To this end, 5 wo Scn1a""A783V mice were bilaterally injected with the HCA-CAG-SCN1A vector in
both BG+Cb and pCtx+BG+Cb combination routes. A third group of Scn1a""A783V mice received the
HCA-CAG-Luc reporter vector as a control group in the same brain locations. Finally, Scn1a"V™”"T and

untreated Scn1a"W/A783V mice (ut-Scn1a"/A*783V) groups were employed as additional controls.

As observed in the characterization of the Scn1a“V™A'83V DS model, the mortality rate was
elevated from birth until the 6™ week of age (Part |, Section 2 of Results). Despite mortality rate from
5 weeks of age ahead is moderate, an improvement in survival percentage of SCN1Aco-treated
Scn1aVW/AY783V mice was observed in both BG+Cb and pCtx+BG+Cb administration routes compared
with untreated Scn1a"W/A783V mice (93.8%, 100% and 64.7%, respectively). Actually, the log-Rank test
revealed a significance of p<0.02 for pCtx+BG+Cb vs. ut-Scn1a"W/A1783V mice, and p<0.04 for BG+Cb vs.
ut-Scn1aV/A78V mice. In contrast, Scn1aV/A78V mice treated with the HCA-CAG-Luc vector
presented a similar mortality rate as untreated Scn1a"V"/A'783V mice (Figure 54). Therefore, it could be
concluded that treatment with HCA-CAG-SCN1A vector protects Scn1a"V"7A78V mice from SUDEP,

especially with the triple administration in pCtx+BG+Cb.
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Figure 54. Scn1a"/A1783V mice present an improvement in survival rate after administration of
HCA-CAG-SCN1A vector. Five wo Scn1a"W/A178V mice were injected with the HCA-CAG-SCN1A
vector in BG+Cb (n=16) or pCtx+BG+Cb (n=12), at 2x107 vg/injection. Additional Scn1g"T/A1783V
mice (n=19) were treated with the control vector HCA-CAG-Luc. Other controls included
untreated Scn1aV/A1783V mice (n=17) and healthy Scn1a"V™™T mice (n=20). The graph shows the
survival form treatment to day 100. Note that time O corresponds to 5 wo mice, in contrast to the
full survival curve depicted in Figure 20. Survival curves of BG+Cb-Scn1a"V/A1783V and pCtx+BG+Ch-
Scn1aW/A178V  were significantly different from ut-Scn1aV/A783V mice (p=0.04 and p=02,

respectively; log-rank test).
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In order to evaluate if the HCA-CAG-SCN1A vector had a protective effect on seizures triggered by
hyperthermia, temperature thresholds of heat-induced seizures were evaluated one month after
vectors administration. For this purpose, mice were subjected to a gradual increase of their bodies
temperature (0.5°C every 2 min) until they presented a GTCS or if the body temperature reached
42.5°C. As shown in Figure 55, only SCN1Aco-treated mice with the bilateral pCtx+BG+Cb injection
presented a significant increase of seizure threshold compared with untreated Scn1a“"/A1783V mice
(40.7 £ 0.2°C and 39.9 * 0.2°C, respectively). In contrast, no improvement was observed in mice
treated with the HCA-CAG-SCN1A vector in BG+Cb (39.5 + 0.5°C) neither in those who received the
HC-CAG-Luc reporter vector (39.4 + 0.1°C) (Figure 55). The one-way ANOVA with Sidak’s multiple
comparison test revealed significant differences between untreated and pCtx+BG+Cb treated mice

(**p<0.01) as well as between HCA-CAG-Luc and pCtx+BG+Cb treated mice (***p<0.001).
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Figure 55. Treatment with HCA-CAG-SCN1A in pCtx+BG+Cb improves the seizure threshold
temperature. Mice were treated as described in Figure 54. One month after treatment, mice
were subjected to a gradual increase of their bodies’ temperature until the appearance of a GTCS
or until a maximum of 42.5°C. The graph shows individual (squares) and average seizure
threshold temperatures for each treatment group. Scn1aV/WT n=22, ut-Scn1a"W"/A1783V n=15, Luc-
Scn1aWVTA78Y =16, BG+Cb-Scn1aVW/A78V n=14, and SCN1Aco-Scn1aW"/Al78V n=12. **p<0.01,
***p<0.001, one-way ANOVA with Tukey’s post-test.

When the febrile-seizure thresholds were compared before and after treatment, the group
treated with the HCA-CAG-SCN1A vector using the triple administration route confirmed and
increased in the threshold, in contrast with HCA-CAG-Luc-treated mice. This effect is easily observed

by comparison of the cumulative seizure probabilities (Figure 56).
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Figure 56. Cumulative seizure probability pre- and post-administration of vectors in
Scn1a™W/A1783V mice, Mice received the HCA-CAG-SCN1A or HCA-CAG-Luc vectors as described in
Figure 54. The graphs show the cumulative seizure probabilities pre-treatment and one month
after treatment. Note the shift of the curve in the case of mice treated with the therapeutic
vector.

Taken together, these results suggest that the wider distribution of SCN1Aco expression obtained

WI/AL783V mjce partial

by the triple pCtx-BG+Cb bilateral administration is required to confer Scnla
protection from seizures triggered by hyperthermia. As a consequence, this was the selected

therapeutic approach to further evaluate the rest of pathophysiological manifestations of DS.

11.4. Behavioral and motor assessment of Scn1aW/A1783V mice after treatment with HCA-
CAG-SCN1A vector

Once the most efficient administration route of the HCA-CAG-SCN1A vector was defined, treated
and control mice were subjected to a battery of cognitive, behavioral, and motor tests to evaluate
the effect on neurological comorbidities associated to the disease. To this end, a group of mice
injected in pCtx+BG+Cb with the HCA-CAG-SCN1A vector (SCN1Aco-Scn1a"V/A1783V) was evaluated in
comparison with a group treated with the control vector HCA-CAG-Luc (Luc-Scn1a"V"A'783V) untreated
Scn1aVW/AY783V controls (ut-Scn1aVW/AY783V), and a group of healthy mice (Scn1a"W™"T). This neurological
evaluation was performed two months after vector administration in order to detect stable
improvements caused by the partial restoration of Nav1.1 function. Since stereotaxic surgeries took
place at 5 weeks of age, at the time of neurological assessment all groups of mice were
approximately 3 months old, a period in which cognitive and behavioral manifestations were already
evident in Scn1a"V"A783V mice. Since motor alterations are slightly delayed in this model (Results, Part
1), evaluation of this comorbidity took place when mice were 4 months old. Therefore, our

experimental setting will determine if treatment of 5 wo mice can revert disease manifestations.
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11.4.1. Evaluation of cognitive functions

In order to evaluate if the SCN1A supplementation achieved by the HCA-CAG-SCN1A vector was
enough to restore the cognitive and memory dysfunction observed in the Scn1a"A783V model, the
four groups of treated and untreated mice were subjected to the NOR test.

Since ut-Scn1a""/A1783V did not show a short-term visuospatial memory deficit (NOR 1 h) in the
characterization of the DS model (Results, Part |, Section 6.1.2.), NOR habituation and NOR 1 h tests
were performed following the same protocol as characterization of the model, although visuospatial

memory was only evaluated in the LTM test (NOR 24 h). In this case, the result showed a significant

WT/A1783V WT/A1783V

improvement of exploration of the novel object in SCN1Aco-Scnla over Luc-Scnla and
ut-Scn1a"W/A78V mice (Scn1a™VWT: 63.5 + 2.5%; ut-Scn1aV/AY83V: 47.4 + 4.6%; Luc-Scnla“VT/A17EV:

47.7 +7.7%; SCN1Aco-Scn1aV/AY783V: 64.6 + 2.7%) (Figure 57).
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Figure 57. Long-term visuospatial memory improves after treatment with the HCA-CAG-SCN1A
vector. Five wo Scn1aVA178V mice were injected with the HCA-CAG-SCN1A vector (2x10’
vg/injection) in pCtx+BG+Cb (SCNAlco-Scn1aW/A783V)  Additional Scn1aVW/A783V mice were
treated with the control vector HCA-CAG-Luc (Luc-Scn1aW/A1783V)  Other controls included
untreated Scn1aV/A783V mice (ut-Scn1a"V/A1783V) and healthy Scn1a™W"T mice. Two months after
treatment, all groups were subjected to the NOR 24 h test. The graph shows the average DI +
SEM (%) in the groups as well as individual values (squares). Scn1aV™WT n=21; ut-Scn1gW"/A1783v
n=20; Luc-Scn1aW"/A1783V n=14; and SCN1Aco-Scn1aV/A1783V n=12. *p<0.05, one-way ANOVA with
Sidak’s multiple comparisons test.

In contrast with this result, when learning and visuospatial memory were evaluated using the
MWM test, no improvement could be demonstrated in HCA-CAG-SCN1A-treated mice (Figure 58).

WT/A1783V mice was not changed

During the VP phase the delayed learning characteristic of Scnla
(Figure 58a). At the IP phase of the test all Scn1aV"/A*783V groups showed a deficit in spatial memory
compared with their Scn1a’”"T controls, including the group treated with the HCA-CAG-SCN1A

vector (Figure 58b). The probe tests also reflected a significative deficit in memory retention in all
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Scn1aV/A78V groups, since the percentage of time remaining in the target quadrant presented

average values around 25% (Figure 58c-d).
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Figure 58. Treatment with the HCA-CAG-SCN1A in the pCtx+BG+Cb does not improve learning
delay, visuospatial memory and memory retention in the MWM test. Mice were treated as
described in Figure 57. Two months after treatment, all groups were subjected to the MWM test.
(a) The graph shows the latency to find the VP on the indicated trials (VP1 to VP5). Despite all
groups demonstrated the ability to learn the task (p<0.0001, Friedman test), all treated and
untreated Scn1a"VA78V mice showed significant higher times to reach the platform than

Scn1gWm/wT

controls. (b) During 8 consecutive days, visuospatial memory was evaluated in the IP
stage of the MWM test. Only Scn1a"V"WT mice demonstrated the ability to learn how to reach the
platform (p<0.0001, Friedman test). All treated and untreated Scn1a“7A178V mice showed
significant higher times to reach the platform than Scn1a"W™"T controls, suggesting a deficit in
spatial learning memory. (c) On days 4, 7 and 9, memory retention was evaluated in the probe
stage of the MWM test. In accordance with the lack of spatial learning, all treated and untreated

ScnlaWT/Al783V

mice showed altered memory retention with no preference for the target
quadrant. Scn1a"W7/WT n=20; ut-Scn1aW/A178V n=17; Luc-Scn1aW/A178V n=15, and SCN1Aco-
WT/AL783V n=12. Values are represented as mean * SEM. *p<0.005, **p<0.01, ***p<0.001
(one-way ANOVA with Sidak’s multiple comparisons test for VP1-4, IP1-3, IP7-8, and all probes
except Probe 15 day 7, which was analyzed with the Kruskal-Wallis with Dunn’s post-test, as well

as VP5, IP4-6).

Scnla
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Therefore, our current data do not allow to raise strong conclusions about the correction of

cognitive manifestations in adolescent mice treated with HCA-CAG-SCN1A, as it will be discussed.

11.4.2. Evaluation of behavioral manifestations

The effect on hyperactive behavior was evaluated by the OF test. The first parameter to be
analyzed was the mean velocity of movements in the total arena. We confirmed an increase in
Scn1a"VA78V. mice compared with Scn1aVWWT, indicative of hyperactive behavior, with no
improvement in animals treated with the therapeutic vector (Figure 59a) (Scn1a"™"™: 6.3 + 0.3 cm/s;
ut-Scn1aV/A178V: 9. 9 + 0.5 cm/s; Luc-Scn1aWT/A783V: 11.5 + 0.6 cm/s; SCN1Aco-Scn1gV/A1783V. 9.8 +
0.5 cm/s). In concordance with this lack of effect, the number of stereotypies in Scn1a"VA783V mice
treated with HCA-CAG-SCN1A was not reduced (Figure 59b) (Scn1a"V™": 3.2 + 0.3 stereotypies/min;
ut-Scn1aW/A178V: 8.3 + 0.5 stereotypies/min; Luc-Scn1a"V/A78V: 7.6 + 0.3; SCN1Aco-Scnla“/A1783V:
8.0 + 0.7 stereotypies/min). Finally, the time spent in the center of the arena as an anxiety indicator,
revealed no improvement in HCA-CAG-SCN1A-treated mice (Figure 59c) (Scn1a"W™W™: 95.2 + 10.8 s;
ut-Scn1gW/A1783V: 48 8 + 6.0 s; Luc-Scn1aV/A78V: 60.9 + 7.5 s; SCN1Aco-Scn1aV/A1783V: 40.1 + 8.7 s).
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Figure 59. Anxiety and hyperactive behaviors show no amelioration after treatment with the
HCA-CAG-SCN1A vector. Mice were treated as described in Figure 57. Two months after
treatment, all groups were subjected to the OF test. The analyzed parameters were mean

Time in the center (s)
n

velocity in the total arena (in cm/s) (a), number of stereotypies per minute (b) and time spent in
the center of the arena (c). Scn1aW"/WT n=23; ut-Scn1gVW/A1783V n=24; Luc-Scn1aW/A783%V n=18; and
SCN1Aco-Scn1aW/A178V n=11. Data were calculated as mean + SEM. Squares indicate individual
values. *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA with Sidak’s multiple comparisons test.
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These results indicate that the current treatment cannot ameliorate the hyperactivity in

ScnlaWT/A1783V

mice. In contrast, we observed amelioration of other behavioural parameters related
with the interaction with the environment, which are good indicators of the individual’s performance

in daily life activities.

On one hand, performance in the marble burying test indicated a significative improvement of the
normal exploratory behavior in Scn1a"W/A178V mice treated with HCA-CAG-SCN1A compared with
untreated and HCA-CAG-Luc-treated groups. This was documented as a reduced number of
uncovered marbles at the end of the test (Figure 60). Scn1aVW™WT: 2.1 + 0.3; ut-Scn1aV"/A783V: 7.3 +

0.7; Luc-Scn1agW"/A1783V. 8 5 + 0.6; and SCN1Aco-Scn1a"W™A1783V: 4.0 + 0.6 uncovered marbles.
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Figure 60. Reduction on uncovered marbles in treated Scn1a“/A78V mice indicates an
improvement of normal exploratory behavior. Mice were treated as described in figure 57. Two
months after treatment, all groups were subjected to the marble burying test. The analyzed
parameter was the number of uncovered marbles after 30 min of free exploration. Scn1aW™WT
n=23; ut-Scn1gW/A1783%V n=28: Luc-Scn1gVW/A178V n=14; and SCN1Aco-Scn1a"W"/A178V n=11. Data
were calculated as mean * SEM. Squares indicate individual values.*p>0.05, **p<0.01,
***p<0.001, one-way ANOVA with Sidak’s multiple comparisons test.

In the same line, performance in the nest building test indicated a potential improvement of mice
after HCA-CAG-SCN1A treatment, although this amelioration was only partial and some treated mice
still failed to build a complete nest (Figure 61) (Scn1aV™"T: complete 76%, partial 24% and absent
0%; ut-Scn1aV/A1783V: complete 0%, partial 37.5% and absent 62.5%; Luc-Scn1aV/A1783V: complete
5.5%, partial 33.4% and absent 61.1%; SCN1Aco-Scn1a"V"/A78V: complete 33.3%, partial 33.3% and
absent 33.3%).
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Figure 61. Treatment with HCA-CAG-SCN1A vector potentially improves the nest building
performance. Mice were treated as described in figure 57. Two months after treatment, all groups were
subjected to the nest building test. The analyzed parameter was the degree of nest completion,
indicated by a color code for each group: dark for complete nest; medium for partial building and light
colors for absence of nest and no use of materials. The height of bar sections indicates the percentage of
mice in each category. Scn1aV"WT n=21; ut-Scn1a"V/A178V n=21; Luc-Scn1a""/A178V n=10; and SCN1Aco-
Scn1gWT/A78V n=12,

11.4.3. Evaluation of motor impairments

Finally, evaluation of motor function was performed at the end of the second month post-
treatment. We choose the rotarod test since this is one of the most robust motor tests for DS at this
age. Our results demonstrated a clear improvement of Scn1a"V/A1783V mice after treatment with HCA-
CAG-SCN1A (Figure 62), in agreement with an efficient transduction of Cb. The latency to fall from
the rotating rod was significantly elevated in Scn1a"W/A'783V treated with HCA-CAG-SCN1A compared
with untreated or HCA-CAG-Luc-treated controls (101 + 10.1 s vs 63.9 + 6.2 s and 52.8 + 7.2 s,
respectively, p<0.01 ANOVA).
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Figure 62. Treatment with HCA-CAG-SCN1A vector shows an improvement of motor function in
the rotarod test. Mice were treated as described in figure 57. Two months after treatment, all
groups were subjected to the rotarod test. The analyzed parameter was the latency to fall from the
rotating rod. Scn1a™W"WT n=19; ut-Scn1aVA78V n=17; Luc-Scn1aV/A78V n=17; and SCN1Aco-
Scn1aW/A178V n=12. Data were calculated as mean * SEM. Squares indicate individual values.
*p>0.05, **p<0.01, ***p<0.001, one-way ANOVA with Sidak’s multiple comparisons test.
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In order to confirm these results, we concluded our neurological evaluation with the clasping test,
which is usually altered in pathologies associated with ataxia. In fact, we found that untreated
Scn1aVWT/AY783V mice showed a significantly elevated clasping index compared with Scn1a“V™WT mice
(0.1 £ 0.1 and 2.3 £ 0.2, respectively, p<0.001 ANOVA), which means a marked tendency to retract
the forelimbs when they are suspended on their tails (Figure 63). Treatment with HCA-CAG-SCN1A,
but not the control HCA-CAG-Luc vector, achieved a partial normalization of the clasping index (1.3

03 and 2.1 £ 0.3, respectively).
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Figure 63. Cerebellar ataxia amelioration after treatment with the HCA-CAG-SCN1A vector.
Mice were treated as described in figure 57. Two months after treatment, all groups were
subjected to the clasping test. The represented parameter is the clasping index. Scn1aV"/WT n=21;
ut-Scn1gW/A78V n=14. Luc-Scn1aV/A178V n=11; and SCN1Aco-Scn1aV/A178V n=12. Data were
calculated as mean = SEM. Squares indicate individual values. *p>0.05, **p<0.01, ***p<0.001,
one-way ANOVA with Sidak’s multiple comparisons test.
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Discussion

DS is a devastating infantile encephalopathy with epileptic and neurological manifestations
characterized by its poor response to conventional AEDs. Despite several therapeutic lines are
currently available recommended to prevent and reduce seizures, these approaches usually
are not enough to slow down the progression and the worsening of the disease. Since the
discovery of the etiological origin of DS, numerous efforts have been done to develop new
tools and therapeutic strategies for a better management not only of seizures but also for the

neurological comorbidities associated with the disease.

Based on this premise, this work had two main objectives. The first one was the
characterization of an open-access mouse model of DS to ensure that it resembles the most
important clinical manifestations found in DS patients. By choosing an ubiquitous KI model of a
clinically relevant mutation in a very sensitive background we aimed to recapitulate the

disease at both genetic and phenotypic levels. Our results are in line with this objective.

The second objective was to evaluate the tolerability and efficacy of SCNIA
supplementation employing a prototypic HC-AdV vector. Interestingly, this proof of concept
demonstrated to be a potential therapeutic approach able to reduce mortality and epileptic
manifestations in the DS mouse model and to ameliorate several motor and behavioral

symptoms associated with the disease.

1. Epileptic, cognitive, behavioral, and motor characterization of a novel mouse

model of DS

1.1. Relevance of the novel DS mouse model

Several DS mouse models have been previously developed, all of them expressing different
mutations in the SCNIA gene. The study of these models revealed important
pathophysiological mechanisms involved in the disease, including the impaired activity of
GABAergic interneurons due to the reduction of Navl.1l expression and the preservation of
sodium currents in pyramidal cells®, or the subcellular localization of Nav1.1%*. Moreover, the
variety of clinical manifestations exhibited by all these models, ranging from milder to severe

phenotypes, has allowed a better understanding of the relationship between
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pathophysiological mechanism and the clinical manifestations of the disease. Most of these DS
mouse models exhibited premature dead, especially in those expressing a constitutive Scnla

varia nt39,41,84,85,88,93

, as well as a notable susceptibility to suffer spontaneous and hyperthermia-
induced seizures. Additionally, reduced sodium current in cerebellar Purkinje cells has been
correlated with ataxia in these mice®, as well as a wide spectrum of cognitive and behavioral
impairments caused by Nav1.1 haploinsufficiency in several brain areas®®®8>8, However, not
all these mouse models could be considered optimal tools for preclinical development of new
therapies, for several reasons: on one side, many of them present a mild epileptic and
neurological DS phenotype, mainly influenced by the type of SCNIA mutation and the genetic
background employed®. On the other side, the majority of them presents the SCNI1A

alteration only in specific type of inhibitory neurons®-#>87-% |n addition, the severity of the

phenotype is also influenced by the type of GABAergic interneuron affected®.

It should also be noted that the vast majority of the mentioned animal models have been
developed by research groups and are not freely available for the scientific community. For
this reason, the Spanish Dravet Syndrome Foundation decided to commission Jackson
laboratories to generate a new murine model. This new KI model carries a heterozygous
clinically relevant missense SCN1A mutation (A1783V)°2%’, Based on previous data
demonstrating the influence of the genetic background for the presence and severity of
symptoms, this new model was developed in a pure C57BL/6 background in order to mimic
severe cases of DS, which are the patients in urgent need for new therapies. Importantly,
during the preparation of this document an independent group has employed the same

WT/A1783V model to characterize early events in DS pathogenesis®. Although the periods of

Senla
study and the methodology employed are different, most of their findings are compatible with

our conclusions, as will be discussed below.

1.2. Survival, epilepticc, and electrophysiological characteristics of the

Scn1aW/A1783V mouse model

One of the first remarkable characteristics of this model is the elevated mortality rate
observed from the first days of life. Before weaning, it was observed a mortality rate of
approximately 25% of the pups, corresponding all of them with Scn1a"/A*783%V mice. Once
animals were weaned and genotyped between D21-D28, survival of these mice sharply
decreased, showing numerous deaths until the 6™ week of age. Then the peak of mortality

decreased and survival rate remained relatively stable with approximately a 25% of long-term
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survivors, similar to the high mortality reported in previous mouse models® 84859

Unfortunately, the mechanisms behind this elevated SUDEP in the majority of cases are still
not clarified. On one side it could be due to cardiac and respiratory dysfunctions immediately
after a GTCS, as observed in other DS mice. For instance, one previous study revealed that the
animals presented a depressed interictal resting heart-rate variability and episodes of ictal
bradycardia preceding SUDEP?!. On the other side, death could be produced by a cerebral
shutdown after GTCS. All these SUDEP consequences seem to be related to the BS and
thalamus, where the modulatory systems for autonomic cardioregulatory reflexes, respiratory
and arousal regulation are located?®. In fact, the BS is connected with the thalamus, and a
marked reduction in the resting-state functional connectivity between them has been
described for patients at high risk of suffering SUDEP?*!, Unfortunately, the incidence of SS and
their implication on SUDEP could not be properly registered in our laboratory due to the
absence of the required equipment. Even so, after several hours of observation from weaning
to the end of the experimental period, the manual collection of data estimated that 15-25% of
mice suffered visually recognizable SS. Although this value is just an approximation of the real
incidence of SS in this model, this frequency seems not high enough to explain the high
mortality rate, needing further research to elucidate other possible mechanisms. Fadila et al.
performed continuous videorecording in Scn1a"W/A783V mice and failed to detect convulsive
seizures before P18, suggesting that early mortality cannot be due to GTCS. Similarly with our
results, they detected seizures in 30% of mice during the severe stage period (P18-P35) by EEG.
Again, this incidence is still too low to account for all the mortality observed in the model®.
Other studies using DS models with high mortality rate (close to 80%) report only 15 seizures
among 21 mice after continuous EEG recording from P22 to P463% Together, these
observations suggest that SUDEP may be associated in most cases with subtle, non-convulsive
seizures, or it could be dissociated from seizures in some other cases. Other lines of evidence
point to the dysregulation of breathing as an important contribution to SUDEP in DS*>?. Using
a KI model of the A1783V mutation in inhibitory neurons it has been recently described that
mice suffer hypoventilation, apnea, and reduced response to CO,, associated with malfunction

of neurons in the retrotrapezoid nucleus®’.

Similarly to human DS patients, these Scn1g"V/A1783V

mice are susceptible to suffer GTCS
triggered by hyperthermia. After increasing environmental temperature above 38.4°C, 50% of
Scn1a"VA783V mice presented a GTCS, and more than 90% experienced seizures at 40°C, in
contrast with the threshold above 43°C for Scn1a"™"T controls. In accordance with these

results, the electrophysiological activity of this DS model showed an increase of the number of
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IEDs when the increase of temperature reached the temperature threshold. These electrical
abnormalities are frequently observed in DS patients, especially during the worsening stage,
when the background activity is fluctuating and poorly organized'®, equivalent to that

observed in the Scn1aV/A1783V mice.

1.3. Cognitive, behavioral, and motor characterization of the Scn1a"V"/A1783V mouse

model

Apart from the genotypic and epileptic similarities, the presence of many neuropsychiatric
and motor manifestations observed in DS patients is other important advantage offered by this

novel Scn1gWT/A1783v

mouse model. In order to identify these neurologic comorbidities, mice
were subjected to a battery of standardized tests to evaluate their cognitive, behavioral, and
motor functions in a quantitative way. This is important for the evaluation of disease-

modifying treatments with potential impact on all DS comorbidities.

The MWM test was employed to assess working and spatial memory. During the VP phase,

Scnil aWT/A1783V

mice presented a delay in the learning task. This means that they were
progressively improving their ability to find the platform, but they required more time than
their Scn1a"W™"T littermates. Interestingly, this result is in agreement with observations in DS
children, who are capable of acquiring new skills and usually they do not lose them afterwards,
although their learning pace is very slow. In some cases these activities include reading writing
or riding a bicycle. In contrast, the IP phase and probes of the MWM revealed that
Scn1a"AY78V mice -at all ages tested- were unable to use visual cues to generate a spatial map
that allows them to find the hidden platform. Since the MWM test is the golden-standard to
evaluate hippocampal function, the deficits observed in Scn1a"W/A783V mice support the

relevance of this structure in the physiopathology of DS. In fact, several studies demonstrate

that HC also plays a critical role in seizure generation in several mouse models of DS 43238242,

In line with the cognitive impairment observed in the MWM, the NOR test revealed a long-
term visuospatial impairment (NOR 24 h) in Scn1a"W/A783V mijce, especially in the middle and
later age intervals tested. However, no differences in short-term visuospatial memory (NOR 1
h) compared with Scn1aV™"T controls were detected. This is in contrast with findings from
Fadila et al., who detected a reduction of the DI in Scn1a"W™*1783V mice in a test similar to the
NOR 1 h%. The reasons for this discrepancy seem to be due to differences in the used

protocols (latency times between training and test phases and spatial localization of the new
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object); as well as mice age, in the study of Fadila et al. animals were younger (P18-35) than

the earliest age group tested in this work (1-3 months).

Behavioral disorders are probably the most variable manifestations among DS patients and
pre-clinical mouse models. In these last ones, the presence and severity of abnormalities not
only rely on the type of Scnla mutation, but also are influenced by the genetic background®
and the population of affected cells expressing the Scnla alterations®®. Even so, there are
standardized and robust tests to determine the presence of behavioral disorders such as the
WT/A1783V

OF test, able to evaluate anxious and hyperactive behaviors. In this case, Scnla mice

WT/WT

moved throughout the total open arena at higher velocities than Scnla controls, although

the total distance recorded was similar between both groups (data not shown). This reflects a

WT/A783V mice presented quick and abrupt movements, in

pattern of movement in which Scnla
line with the hyper-reactivity observed during animal handling. This is reminiscent of the
tendency for elopement characteristic of some DS kids, which greatly complicates the task of
their caregivers. Moreover, the time spent in the center of the arena was significantly reduced
in all Scn1aVW/A783V mice tested when compared with Scn1a™W™WT controls, suggesting the
presence of anxiety in this DS mouse model. Finally, during the performance of the open field
test it was also noticed the elevated number of stereotypies in Scn1a"W"/A783V mice. Although
this parameter is usually associated with autistic-like behavior, in this particular case it could

be a reflection of the hyperactive behavior since these repetitive movements were mainly

frantic jumping in the walls of the arena.

Further evaluation revealed alterations in the exploratory behavior in the marble burying
test. Although this test is frequently used to evaluate the anxiety-like behavior of mice?®, it is

WT/AL783V mice was due

suspected that the observed poor exploratory efficiency of these Scnla
to hyperactivity and deficit of attention, a manifestation frequently observed in DS children. In
addition, the incomplete nest building performance of these mice suggests an affected welfare

and the inability to carry out daily-life routines associated to species-adapted behavior.

In contrast with these behavioral alterations, Scn1a"“"7A783V mice did not show clear signs of
social impairment, only a moderate delay in the latency to first contact and therefore a
reduction in the number of contacts in the middle age interval tested. This non-consistent
sociability deficit could be influenced by the C57BL/6 background of this mouse model, which
was demonstrated to be relatively resistant to social behavior deficits®**. Again these results
could be in agreement with the reality of DS patients in which their social abilities could be

more influenced by other behavioral and motor defects such as dysarthria and oral motor
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skills?® than an intrinsic sociability impairment. In fact, DS patients usually do not avoid

personal contact within their familiar environment.

Finally, evaluation of motor abilities revealed that Scn1a“W/A'83%V mice suffer motor
alterations, becoming evident from the third month of age and worsening over time. This

WT/AL783V. mice showed

trend was especially observed in the rotarod test, in which Scnla
reduced average times walking on the rotating rod than their Scn1aV™"T littermates. Same
results were observed in the inverted grid and in the elevated beam test. Altogether, this
battery of test revealed an impairment of motor, balance, and coordination functions in this
DS mouse model, resembling the motor delay observed before the two years of age in most of

246

DS patients**®. Implication of Cb and BG has been reported as two critical structures

45,247 t227

responsible of ataxia and crouching gai in DS, respectively. Alterations in the rotarod
were also observed by Fadila et al. in the Scn1a"W"/A1783 model, although they describe it as an
early event (before P18) with an amelioration at P18-P35 attributed to a peculiar gait in their
mice during this stage. The defect became evident again after P35%. In our experience, a
standard rotarod apparatus is not suitable for motor evaluation of mice below 13.5 g of body

weight (approximately 5 wo in our colony of Scn1aVA783V mice).

2. Evaluation of the therapeutic effect of SCN1A supplementation employing a

prototypic HC-AdV vector in a mouse model of DS

2.1. Relevance of the SCN1A supplementation

Current AEDs are largely ineffective for the control of seizures in most DS patients'?%2%8, |n

addition, some evidences indicate that the genetic defect is a key determinant for other
comorbidities such as motor, cognitive or behavioral manifestations. Therefore, control of
seizures and amelioration of neurological status are two open fronts in DS management.
During the last years, numerous pre-clinical studies have focused on the etiological origin of
the disease, based on the restoration of Navl.1 function. In this line, the second main aim of
this work was the proof of concept of SCN1A gene transfer for the treatment of DS. As a
potential advantage against other GT strategies, SCNIA cDNA supplementation employing a
HC-AdV vector could allow the control of the disease with one single administration, avoiding
the need of co-infection with vectors carrying several parts of the SCN1A sequence or the
expression of exogenous genes such as artificial transcription factors. The downside of this
technology is the relatively large size of adenoviral particles, which may compromise the

biodistribution inside the brain.
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2.2. Feasibility and functionality of HC-AdV vectors carrying the SCN1A sequence

For the construction of the therapeutic vector, first it was necessary to solve the problem of
SCN1A instability, since this sequence is prone to re-arrangements and is difficult to
manipulate in plasmids. After trying several cloning protocols, the stabilization of the SCN1A
cDNA was finally achieved by designing a codon-optimized version of the sequence (SCN1Aco),
which demonstrated an efficient expression activity at mRNA and protein levels in transfected
cells. Feasibility and functionality validation of HC-AdV vectors carrying the SCN1IAco sequence
were performed under de control of two different ubiquitous promoters. Further refinement
of the therapeutic approach could benefit from promoters specific for inhibitory neurons.
However, in our first proof of concept of gene supplementation we decided to avoid the
influence of promoter specificity, which needs extensive validation. Our preliminary work on
sequences derived from the endogenous SNC1A gene indicates very low potency, and variable
effects of GABAergic-specific enhancers. Therefore, after in vitro and in vivo evaluation we
opted for the well-characterized CAG promoter?3! for the first therapeutic prototype. It should
be taken into account that in most DS patients the genetic defect is present in all the cells, and
that SCN1IA expression is not only found in inhibitory neurons, but also in other cell

29 and myocytes®®. The use of this

populations such as pyramidal cells***, astrocytes
promoter allows stringent evaluation of safety. Remarkably, although expression of SCN1A was
not restricted to inhibitory interneurons but also can take place in excitatory cells and glia, the
prototypic HCA-CAG-SCN1A vector has demonstrated to be well-tolerated and able to

ameliorate some epileptic and neurological manifestations typical from DS.

In addition, the use of the CAG promoter facilitates the identification of the optimal routes
of administration, since the expression of the transgene will largely depend on the vector

biodistribution. This is an important issue for the use of adenoviral vectors in the brain.

It is known that seizures in DS have multifocal origins?*>*! and the imbalance of inhibition
and excitation is globally spread among the brain, also accounting for the rest of neurological

manifestations**2>?

. Assuming the need for a widely distributed expression of the SCN1A
transgene over the different intracerebral areas, we performed a study of transgene
expression by stereotaxic injections of the reporter Ad-CAG-GFPLuc vector in Ctx, HC, BG, and
Cb regions. ICV administration was not pursued after our preliminary experiments confirmed
the limitation of transgene expression to the ependymal cells (data not shown). As expected,
one single intracerebral administration of the AdV vector was not enough to reach a

generalized transgene expression among the brain, showing different expression and diffusion

efficiencies depending on the injected area. Results obtained from both luciferase emission
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quantification and GFP detection indicate that BG was the structure with the wider expression
distribution among all single administrations, in line with previous observations®3.
Interestingly, injection in this region showed transgene expression in other areas such as HT
and to a lesser extent in HC and the ptCtx, all of them involved in the pathophysiology of DS.
Single injection in Ctx (pre-frontal, parietal and occipital) also reached efficient expression with
an intermediate spread of the vector to contingent areas, whereas administration in Cb
obtained remarkable but restricted expression efficiency in this organ with limited diffusion to

BS. Unfortunately, direct injection in HC showed a poor transgene expression in this area.

In light with these results, it was decided to perform stereotaxic injections into combined
brain structures in order to obtain the highest possible diffusion of the vector among areas
with relevance in DS. Direct injection in Cb was clearly needed because otherwise this
structure is not transduced at all. When we combined injection in Cb and BG, we found that
pCtx is relatively untargeted. Therefore, the most invasive protocol consisted of bilateral
injections in pCtx+BG+Cb. Efficient methods to deliver large particles across the blood-brain or
ependymal-brain barriers are possible options for a global vector distribution, however,
selective stereotaxic injections are currently the most realistic option mainly supported by its
clinical feasibility?®*%>>, It should be taken into account that a triple bilateral injection using

stereotaxic needles is less invasive than current ablative therapies for epilepsy?*®.

2.3. Therapeutic evaluation of the HCA-CAG-SCN1A vector in the Scn1gWT/A1783V

mouse model

Therapeutic evaluation of the vector was carried out in 5 wo mice, in which the full
spectrum of DS manifestations -with the exception of motor disabilities- was already evident,
as observed in the appendix figure 3. Although treatment at early ages could obtain better
results, we believe this group of patients is clearly in need of new therapies and is more
clinically feasible. Therefore, one of the challenges of this work was to determine to what

extent pre-existing defects can be reverted by disease-modifying therapies.

The first evidence of safety and biological effect of the HCA-CAG-SCN1A vector came from
electrophysiological recordings in animals injected in the BG, using deep and superficial
electrodes in BG and pCtx, respectively. Despite non-selective expression of Navl.l, we
observed a reduction in IEDs in treated Scn1a"V"A783V mice, not only in the injected area but
also in the Ctx. The data obtained from superficial electrodes are more clinically relevant than

deep electrodes, correlating by routinely EEG evaluation performed in DS patients®’. These
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results suggest that the restoration of Navl.1l function in one brain area such as BG can

produce a global amelioration of brain function.

We observed improvement of survival after injection of HCA-CAG-SNC1A in BG+Cb of DS
mice. Data from the biodistribution experiments showed that transduction of Cb produced a
concomitant expression of the transgene in BS. As previously mentioned, both structures play
a central role in autonomic and respiratory regulations and, therefore, in SUDEP2%,
Additionally, some SUDEP victims present an extensive cerebellar volume loss, maybe derived
from excitotoxicity in Purkinje cells due to hyperactivation of pontine or long climbing fibers of
olivary projections®*®. Damaged Purkinje cells would affect the function of the deep nuclei,
leading to alterations of both cardiac and respiratory functions after a GTCS*°. Altogether,
these evidences suggest that restoration of SCN1A expression in Cb and BS is a key factor for
protection from SUDEP in DS mice, probably improving autonomic and respiratory regulation.
Moreover, it cannot be excluded the possibility that SCN1A expression in the thalamus could
also contribute to control the excitatory stimuli in cortical regions not reached by the vector?®,
The efficient transduction of the HT could exert a positive effect by normalization of circadian
rhythms*”48, although this possibility has not been directly investigated. The potential role of
this region in the therapeutic effect of HCA-CAG-SNC1A requires further study to identify the

GFP+ cells by IF, since this small structure was entirely collected for luciferase activity analysis.

Despite the improvement of survival observed after administration of the vector in BG+Cb,
the addition of a pCtx injection was needed to provide protection from heat-induced seizures
in the DS mouse model, suggesting the requirement of wider distribution in order to control de
generalization of seizures. Supporting this concept, the relevance of pCtx in the initiation of
epileptic activity, following to the BS and then to the thalamus was recently highlighted in
patients suffering from LGS?. This region is also well-positioned to promote rapid
communication with spinal motorneurons involved in tonic seizures. Therefore, the
administration route involving pCtx+BG+Cb was selected for further therapeutic evaluation of
the vector, not only because of the role of pCtx in the epileptogenic origin, but also for its
implication in cognitive functions and memory processes?®?. Apart from HC, some reports also

263264 in agreement with the improvement

suggest the involvement of pCtx in spatial memory
in LTM observed in the NOR test in treated Scn1aW"/A17833V mice. However, Scn1aV/A17833V mice
treated with the HCA-CAG-SCN1A vector showed no improvement in the MWM test,
supporting the importance of the HC in these brain functions and the need of vector diffusion
among this structure, mainly in hippocampal CA3-region and DG?%2%  An alternative

explanation for the apparent discrepancy between the therapeutic effect in the NOR and
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MWM test is the fact that the latter has an aversive component (water). Although ventral HC
has been implicated emotional regulations?®®’ and dorsal HC in spatial memory, ventral HC
influence in the functioning of dorsal HC; therefore, the poor performance in the MWM test
could be influenced by the anxiety behavior persistent in treated DS mice2®®. Of note, HCA-
CAG-SCN1A failed to avoid the hyperactive and anxiety behavior present in the DS model,
reinforcing the idea that wider vector distribution is required especially in cortical and

hippocampal areas.

In addition to the partial restoration of cognitive functions, HCA-CAG-SCN1A also improved
the general welfare of Scn1a"W/A'7833V mijce (evaluated by the marble burying and the nest

building tests).

Although motor impairments were not already established at the age of 5 weeks in
Scn1aVW/AY78V mice, treatment with HCA-CAG-SCN1A seemed to prevent balance and
coordination deterioration two months after administration. This improvement was especially
observed in the rotarod test, in which treated mice presented latency times equivalent to

WT/WT

Scnla controls. Amelioration of motor functions are probably due to restoration of

Navl.1 function in Cb and BG2%°279,

These results are in line with a recent work using an AAV vector to deliver gRNAs for a
transgenically expressed Cas9-based transcriptional activator specific for the SCN1IA 5°'UTR
region'®. This elegant proof of principle study limits Nav1.1 expression to inhibitory neurons
and leverages the efficacy of the AAV-PHP-eB serotype in mouse brain, obtaining a partial

therapeutic effect when administered to adolescent (P30) mice.

As final remarks, results obtained in this work demonstrate that the transfer of the full
SCN1A cDNA using HC-AdVs is feasible and potentially therapeutic for DS. Although
widespread distribution of transgene expression is desirable, results obtained in this work
indicate that the sub-optimal biodistribution of non-modified HC-AdV vectors is sufficient to
obtain a therapeutic effect. Further optimization of vector diffusion in the brain could be

accomplished by advanced delivery methods such as convection-enhanced infusion®3%%t

or
sonoporation?’?, or by using vectors derived from alternative adenoviral members with
superior neuronal tropism and retrograde transport such as canine AdV?’*?’%, The next
challenge is to increase the efficacy and selectivity of transgene expression into the brain, in
order to assess if there is a threshold for Navl.l expression which can influence the

therapeutic effect. The HCA-CAG-SCN1A vector will be a useful reference to determine if
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physiological expression of SCN1A increases the efficacy of this GT approach, maybe avoiding

overexpression in excitatory neurons and glia.

We believe the major contribution of this work is the definition of a basic approach with
therapeutic potential and the indication of potential ways of improvement for an efficient

treatment of DS.
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Conclusions







Conclusions

1. A novel knock-in mouse model based on the heterozygous SCN1IA A1783V mutation in a
C57BL/6J genetic background recapitulates most Dravet Syndrome manifestations.

2. Alterations in electrophysiological recordings, survival, motor functions, cognitive
functions, interaction with the environment and hyperactivity can be quantified in the
new Dravet Syndrome model using standardized tests.

3. Social interaction was relatively preserved in the new Dravet Syndrome model.

4. A High-Capacity Adenoviral vector expressing an optimized version of the human SCN1A
coding sequence under the control of the CAG promoter is feasible and functional.

5. Intracerebral administration of the HCA-CAG-SCN1A vector in the new Dravet Syndrome
model improves brain electrophysiology, survival, motor function and interaction with the
environment, and obtains partial protection from hyperthermia-induced seizures and
cognitive deterioration.

6. Hyperactivity and anxiety were not improved by the HCA-CAG-SCN1A vector in the Dravet
Syndrome mouse model.

7. Supplementation of the SCN1A gene using High-Capacity Adenoviral vectors is a feasible

strategy for the treatment of Dravet Syndrome, but vector optimization is needed to
address all clinical manifestations.
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Figure A.1. Restriction maps of pC-SCN1A and pC-SCN1Aco. The standard and the codon-
optimized version of the SCN1A coding sequence inserted in the corresponding plasmids (pC-
SCN1A and pC-SCN1Aco, respectively), were digested with a battery of restriction
endonucleases (all from New England Biolabs): BamHlI, Bglll, EcoRI, EcoRV, Hindlll, and Mfel.
Expected restriction maps for each individual digestion (Serial Cloner 2.6.1) are represented in
the upper panels. Agarose gels with the resulting bands after incubation with the
corresponding enzymes are represented in the lower panels. DNA fragments obtained after
restriction reaction of the pC-SCN1A plasmid did not correspond to their predicted restriction
map (a), whereas all enzymatic digestions bands from the pC-SCN1Aco plasmid were correct
(b). ND, undigested.
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Figure A.2. Functional validation of the SCN1A transgene. HEK-293 cells were transfected
with the pEF-SCN1A-GFP plasmid, and the function of the Nav1.1 channel was analyzed by
patch-clamp 48 h later. (a) Representative image of transfected cells under the
fluorescence microscope. Note the tip of the micropipette touching the GFP-expressing
cell in the center of the image. (b) The top graphs show examples of the membrane
current response to stepping the membrane potential from -80 mV (bottom) to +30 mV
(top) in 10 mV steps in control and transfected cells. The bottom graphs are the
corresponding quantifications from the indicated number of cells. Tetrodotoxin (TTX) was
added at 2 uM.
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Figure A.3. Adolescent Scn1aV/A78V mice show cognitive and behavioral
alterations. Five to six wo Scn1a"W"T and Scn1aV/A783V mice were subjected to
the indicated tests in order to determine the level of cognitive and behavioral
impairment at this age. (a) MWM-VP, MWM-IP phases and the Probe 60 of the test
are represented in the left, middle and right panels, respectively (n=4 in both
groups). (b) NOR 24 h (Scn1aVWT n=13; Scn1aW/A178V n=5). (c) Marble burying test
(Scn1aWT/WT n=8; Scn1gWT/AL783V n=3), (d) Nest building test
(Scn1a™WT/WT n=9; Scn1aWT/A1783V n=6). (e-g) OF (Scn1a"V"WT n=16; Scn1g"/A1783V n=9)
including velocity (e), time spent in the center of the arena (f), and number of
stereotypies/min (g). *p<0.05; **p<0.01; ***p<0.001, Mann-Whitney test.
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Epilepsy and neuropsychiatric
comorbidities in mice carrying a
recurrent Dravet syndrome SCN1A
missense mutation

Ana Ricobaraza(®?, Lucia Mora-Jimenez?, Elena Puerta?, Rocio Sanchez-Carpintero®,

Ana Mingorance*, Julio Artieda®, Maria Jesus Nicolas®, Guillermo Besne®, Maria Bunuales?,
Manuela Gonzalez-Aparicio!, Noemi Sola-Sevilla3, Miguel Valencia(®°® &

Ruben Hernandez-Alcoceba?

Dravet Syndrome (DS) is an encephalopathy with epilepsy associated with multiple neuropsychiatric
comorbidities. In up to 90% of cases, it is caused by functional happloinsufficiency of the SCN1A

gene, which encodes the alpha subunit of a voltage-dependent sodium channel (Nav1.1). Preclinical
development of new targeted therapies requires accessible animal models which recapitulate the
disease at the genetic and clinical levels. Here we describe that a C57BL/6J knock-in mouse strain
carrying a heterozygous, clinically relevant SCN1A mutation (A1783V) presents a full spectrum of DS
manifestations. This includes 70% mortality rate during the first 8 weeks of age, reduced threshold for
heat-induced seizures (4.7 °C lower compared with control littermates), cognitive impairment, motor
disturbances, anxiety, hyperactive behavior and defects in the interaction with the environment.

In contrast, sociability was relatively preserved. Electrophysiological studies showed spontaneous
interictal epileptiform discharges, which increased in a temperature-dependent manner. Seizures were
multifocal, with different origins within and across individuals. They showed intra/inter-hemispheric
propagation and often resulted in generalized tonic-clonic seizures. 18F-labelled flourodeoxyglucose
positron emission tomography (FDG-PET) revealed a global increase in glucose uptake in the brain of
Scn1aWT/A783V mice. We conclude that the Scn1aWT/A783V model is a robust research platform for the
evaluation of new therapies against DS.

Dravet syndrome (DS) is a severe early onset encephalopathy (OMIM 607208) with an average incidence of
1:20,000 births. Although it is also known as severe myoclonic epilepsy of infancy (SMEI), accounting for 1.4%
of children with epilepsy', seizures are not the only manifestations of the disease®. The first symptoms start at
4-8 months of age, in a previously normal infant, as clonic or hemiclonic febrile seizures, usually prolonged and
refractory to conventional antiepileptic drugs. The frequency of life-threatening status epilepticus (SE) in these
patients can reach 80% during the first year of life. After this “febrile stage” of the disease, a “worsening stage”
extends up to the fifth year of life, in which afebrile myoclonic, focal or generalized seizures are frequent, as well
as atypical absences’. During this period a variety of neurological disturbances appear, including psychomotor
delay leading to cognitive disability, motor disturbances as well as hyperkinesia and some features of autism
spectrum disorder. During the “stabilization stage” these invalidating problems persist and crouching gait as well
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as parkinsonian features appear, but epileptic episodes are less frequent. However, the risk of sudden unexpected
death in epilepsy (SUDEP) is always present. Overall, mortality rate in DS is estimated at 15% in industrialized
countries?, with approximately 50% of cases due to SUDEP and 35% due to SE.

In nearly 90% of DS patients, the genetic basis of the disease involves the SCNIA gene®®, which encodes
the alpha subunit of a voltage-dependent sodium channel (Navl.1). This membrane transporter is crucial for
the function of GABAergic inhibitory interneurons expressing parvalbumin or somatostatin (PV and ST cells,
respectively)”®. Insufficient Nav1.1 activity causes alteration in the excitatory/inhibitory balance of the brain,
which is the basis for most clinical manifestations.

Homozygous deletions or loss of function mutations of SCN1A are extremely rare in humans, probably
because of embryonic lethality. DS patients usually present heterozygous mutations resulting in functional inac-
tivation of one SCNIA allele’. In approximately half of the cases, the mutated allele produces a truncated Nav1.1
channel due to nonsense, frameshift or splice defect mutations (17%, 19% and 9%, respectively)'®. The other half
presents missense mutations or in-frame deletions, with variable impact on channel function. In the lower spec-
trum of severity, missense mutations causing moderate impairment have been associated with milder diseases
such as genetic epilepsy with febrile seizures plus (GEFS*)!. In addition, diverse functional alterations of Nav1.1
may contribute to other neurological disorders such as autism'?, familial hemiplegic migraine'®, and aging-related
cerebral impairment'*.

Advances in the understanding of DS pathophysiology and the development of new therapies require relevant
animal models. This is especially important for the evaluation of novel approaches aimed at restoring Navl1.1
expression or function, which offer the opportunity to control not only seizures, but also the rest of invalidating
comorbidities.

A variety of genetic mouse models based on Scnla alterations have been described. Most of them rely on
deletions of the gene, either globally or affecting specific cell populations. Mice harboring homozygous deletions
in the C57BL/6 background inexorably die two weeks after birth!>~”, whereas happloinsufficient mice show spon-
taneous seizures and elevated mortality from 3 to 12 weeks of age, resulting in 20% long-term survival'®. In con-
trast, clinical manifestations are very mild in the 129 Sv background'®. Conditional deletion of Scnla in different
cell populations has been obtained by crossing mice carrying one floxed Scnla allele with those expressing Cre
recombinase under the control of specific promoters”!?->!. The prominent role of GABAergic inhibitory interneu-
rons is in line with the drastic epileptic phenotype observed in the VGAT-Cre strain, which is more severely
affected than the global Scnla deficient mice. In contrast, deletion of Scnla in excitatory neurons (Emx1-Cre
strain) showed no epileptic phenotype’. Supporting this concept, a recent work demonstrates that 100% of mice
carrying the Scnla A1783V mutation in VGAT-expressing cells die before postnatal day 252 To narrow down
the implication of different interneuron populations, Nav1.1 was deleted in PV vs ST cells. The results showed
that defects in ST cells caused only a mild phenotype. In contrast, mice with defects in PV cells suffered a marked
reduction in the threshold temperature for hyperthermia-induced seizures, together with behavioral abnormali-
ties?®. However, the implication of ST cells in the phenotype of DS mice has been demonstrated in other reports’.
Apart from the specific alteration introduced in the Scnla gene of each mouse model (deletions, frameshift or
missense mutations), the genetic background is an important modifier factor'®!8. This may explain discrepancies
between different studies regarding the role of ST and PV cells on specific manifestations such as hyperactivity
and autistic-like behaviors”?. Although these tools are helping to elucidate the physiopathology of DS, preclinical
development of new therapies requires a widely available mouse model with the ability to recapitulate the human
disease at the genetic and phenotypic levels.

To this end, we have employed conditional knock-in mice with a heterozygous Scnla A1783V mutation in
all cells, maintained in a C57BL/6] background. This is a pathogenic missense mutation in exon 26, previously
described in DS patients'®*, which is expected to affect the inactivation gate receptor of Navl.1 located in the S6
segment of domain 4??%, In this report we describe a remarkable reproduction of DS manifestations in all aspects
of the disease such as epileptic activity, motor, behavioral and cognitive alterations. Of note, a knock-in model
harboring the same mutation (B6(Cg)-Scnlatm1.1Dsf/] strain crossed with Cox2-Cre expressing mice) has been
recently adopted by the US National Institute of Neurological disorders and Stroke (NINDS) in the panel of ani-
mal models of the Epilepsy Therapy Screening Program (ETSP). This is the first model of genetic epilepsy to be
included in the panel (https://dravet.eu/projects-item/mouse-model/).

Results
Scn1aVT/A783V mice have a high mortality rate.  The B6(Cg)-Scnla™P¥/] strain contains Scnla exon
26 flanked by loxP sites in one of the alleles, followed by a humanized exon 26 with a C to T change at nucle-
otide 5348 (https://www.jax.org/strain/026133). Mice from the B6.C-Tg(CMV-Cre)1Cgn/]J strain express Cre
under the control of the ubiquitous CMV promoter. When these strains are crossed, the floxed exon can suffer
Cre-mediated scission and the mutated exon 26 is incorporated in the mature mRNA expressed from this allele.
This happens in approximately half of the offspring (genotype hereinafter referred to as Scn1aW/A1783V) In these
mice, 50% of the Nav1.1 channels expressed in every cell contain the A1783V amino acid change. Litters of these
crosses showed a 24% mortality rate before weaning. In all cases analyzed, dead pups corresponded to Scnla™"
AL783V mice. The weight of Scn1aVT/A783V mice surviving after weaning was lower than their Scn1aW W7 litter-
mates until the 8" week of age (Fig. 1a). Survival of Scn1aV"/41783V mice dropped sharply from weaning to the 6
weeks of age, and then it remained relatively stable, resulting in approximately 25% long-term survivors (Fig. 1b).
Although the main cause of death in these animals needs further study, our results point to SUDEP, since the
frequency of spontaneous generalized tonic clonic seizures (15% of mice, starting from week 3 of age) cannot
account for the high mortality rate observed.

Analysis of Scnla expression quantified at the mRNA level showed a moderate reduction in hippocampus of
ScnlaVT/A783V mice (Fig. 2a), but no significant changes in Nav1.1 content were observed in membrane-enriched
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Figure 1. ScnlaVT/A178V mice present reduced body weight and high mortality during the first 6 weeks of

life. (a) Animals were weighted once per week since weaning. Points represent mean values = SEM (females
ScnlaWWT average n = 30; females Scn1aVT/A1783V n = 20; males ScnlaV VT n=40; males ScnlaVT/Al783V
n=15). Weight curves of Scn1la""/41783V and control littermates mice show significant differences in elevation
(p<0.0001) but not in slope (linear regression analysis). (b) Survival curves of mice after weaning (postnatal
day 21) are significantly different (p < 0.0001 log-rank test). Of note, Scn1aVT"41783V mice present a 24%
mortality rate before weaning.

extracts by Western blot in any brain structure. If anything, the reduction would be less than 20% (Fig. 2b), and
no obvious differences were detected in the immunofluorescence analysis of brain samples (Fig. 2¢,d). This is
compatible with the expected outcome of a heterozygous missense mutation.

ScnlaVT/Al783V mice present abnormal interictal activity and heat-induced seizures. Inorder to
define the seizure-threshold temperature of this DS model, Scn1a® 41783V and their corresponding control litter-
mates were subjected to hyperthermia at different age intervals (1-2, 2-4 and 4-6 months of age). All Scn1aWT/A1783V
mice suffered clinically recognizable seizures, with an average threshold of 38.2 4-2.9°C (Fig. 3a). In contrast, 80%
of Scn1aV"WT mice experienced seizures only when temperatures increased to a maximum of 45 °C (Fig. 3b),
showing an average threshold of 42.9+1.4°C.

Multisite recordings (hippocampus and prefrontal cortex) were performed in a subgroup of animals from the
1-3 age range to investigate electrophysiological differences between Scnla“VT/41783V and Scn1aW'WT littermates
(Fig. 4). Thirty minutes of electrophysiological activity together with synchronized digital video recording in
awake, freely moving mice in an open-field arena revealed the presence of interictal epileptiform discharges
(IEDs) in all of the Scn1a%T/A1783V mice (5 out of 5) at room temperature (RT). IEDs discharges consisted in
isolated or grouped spikes (multispike) with very short durations (<20 ms) and high amplitudes (>100 uVpp)
standing above the background activity (Fig. 4a). Both, focal (i.e. presence of IEDs in a single channel) and gen-
eralized (presence of IEDs across several channels simultaneously) distributions were observed. Interestingly, no
IEDs were detected in any of their Scn1aWWT littermates (5 out of 5). Mice’s brain activity was then recorded
at increasing temperatures (Fig. 4a). None of the Scn1a"""T mice showed evidence of clinic (electrical seizures
with behavioral manifestations) or subclinic (electrical seizures without clear behavioral manifestation) seizures
nor the presence IEDs within the range of temperatures investigated (28-42°C). On the contrary, Scnla"V/A1783V
mice showed an increase in the rate of IEDs at increasing temperatures (Fig. 4a) that ultimately led to the appear-
ance of clinical (4/5) or subclinical (1/5) heat-induced seizures in all the animals. Seizures in Scn1a"VT/A1783V mice
persisted for several minutes. Visual inspection of the simultaneous video and electrophysiological recordings
allowed correlation between changes in the electrophysiological activity and behavioral manifestations following
arevised Racine scale (rRS) for mice®. At RT IEDs appeared randomly superimposed on the ongoing baseline
activity with no behavioral manifestation (no jerks, whisker trembling nor behavioral arrest). At increasing tem-
peratures, behavioral manifestation compatible with scores 0-2 of the rRS where accompanied with electrical
activity deceleration and in some cases, increases in the rate of IEDs. When approaching to the onset, electrical
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Figure 2. Scnla mice present reduced Scrnla mRNA in hippocampus, but no significant differences

in any brain region at the protein levels. (a) mRNA levels of Scnla were determined by qRT-PCR in the cortex
(Ctx), hippocampus (HC) and cerebellum (Cb) of Scn1a® /4178 and aged-matched littermates (5-8 months).
Values (normalized against GAPDH mRNA levels) were calculated as percentage vs control littermates and
data represented as mean & SEM (n=6 for Scn1a" " T mice and n = 8 for Scn1a"V/A1783V mice). *p < 0.05
Kruskal-Wallis with Dunn’s post-test. (b) Membrane-enriched protein extracts prepared from Ctx, HC and Cb
were used to evaluate Navl.1 protein content by Western blotting. Bars represent the densitometric analysis of
individual determinations normalized to GAPDH values. Data are represented as mean percentage = SEM of
values normalized to control mice (n =6 for Scn1a¥™WT mice and n = 8 for Scn1aV/A1783V mjce). No statistical
differences were found between control and Scn1aV™/A1783V mice. The right panel corresponds to representative
blots showing Navl1.1 and GAPDH bands. Original blots were cropped and re-arranged to display grouped
ScnlaWT/A178V and control littermates. Full-length blots are available in supplemental material. (¢) Additional
mice were sacrificed for analysis of Nav1.1 by immunofluorescence (green). Nuclei are stained with DAPI
(blue). The image shows the indicated brain areas: prefrontal cortex (pCtx); dentate gyrus of the HC (HC-DG);
and Cb of representative mice (n =4 for both groups of animals). The different regions of each structure were
delimited by dotted lines based on the Allen adult mouse brain reference atlas. In pCtx roman numbers indicate
its different layers. In HC-DG the following regions are included: stratum lacunosum-molecurare of CA1
(CA1-slm); and molecular layer (GD-mo), granule cell layer (DG-sg) and polymorph layer (DG-po) of dentate
gyrus. In Cb: molecular layer (ml), white matter (wm), purkinje cell layer (pcl) and granule layer (gl). Scale

bar 200 um. (d) In order to study the subcellular localization of Navl.1 channel, tissue sections were visualized
using a confocal laser scanning microscope. The panel shows the labelling observed in cortical later V (Ctx-LV),
HC-DG and Cb of representative mice (n =4 for both groups of animals). Scale bar 20 um.
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Figure 3. ScnlaV"/A178V are prone to suffer heat-induced seizures. Mice of the indicated age ranges were
exposed to controlled hyperthermia in a chamber with 0.5°C increments in temperature every 30s up to 45°C
or until a generalized seizure was reached. (a) Thresholds were significantly lower in Scn1aW/A1783V compared
with their control littermates at all age ranges tested. These differences were maintained throughout all the age
range tested (Scn1aVTWT: 1-2 mo n =23, 2-4 mo n=27 and 4-6 mo n=9; Scn1aVT/A178V: 1_2 mo n=26, 2-4
mo n=20and 4-6 mo n=13). ¥¥*p < 0.001, One-way ANOVA with Tukey’s post-test. (b) Cumulative seizure
probability showing that the risk of seizures is confined between 40-45°C in all ages in Scnla®"/WT mice,
whereas Scn1aVT/A78V present a wider temperature range at young ages.

activity became more regular (rhythmic) with slightly smaller amplitude and behavioral manifestations included
neck jerks, head nodding and clonic tail elevation (score 3) together with falls of the animal into a sitting position
or presence of tonic or clonic contractions in one of the legs (compatible with scores 4-5 of the rRS). Then, elec-
trical activity suddenly changed and showed intermittent clusters of high amplitude polyspikes and spike-wave
discharges separeated by periods where EEG traces appeared almost flat (although there was still some electric
activity). High amplitude polyspikes and spike-wave periods were accompanied by behavioral manifestations
compatible with rRS 5 —6 (i.e clonic and tonic-clonic seizures lying on belly/side or wild jumping). Silent periods
were accompanied by episodes of arrest with tonic extension of the muscles corresponding to the maximum score
(7). In some cases, seizures persisted after removing the animal from the recording/heating chamber and stopped
only when placing mice in a colder environment. In one case, the increase of temperature induced a status epilep-
ticus (SE) of generalized tonic-clonic seizures leading to death.

In two cases electrophysiological recordings allowed detection of a focal origin in the dentate gyrus of the
hippocampus with further generalization to other areas of the hippocampus and prefrontal cortex (see Fig. 4b).

Scn1aVTAl783V mijce show cognitive impairment.  Spatial learning and memory were evaluated using
the Morris water maze (MWM) test at different age intervals (1-3, 3-5 and 5-8 months). The visible platform
phase of the test revealed that Scn1a®VT/A1783V mice learned new tasks more slowly than their control littermates,
which is consistent with the cognitive delay observed in DS patients (Fig. 5a). The difference between both groups
was more dramatic in terms of spatial memory, as shown in the invisible platform phase of the test. This indicates
that Scn1a"VT"A1783V mice are unable to use visual cues to accelerate the location of the hidden platform. In agree-
ment with a defect in retention, the probe test showed significant differences in all age groups.

The novel object recognition tests revealed no differences in short-term visuospatial memory (1h after train-
ing) (NOR 1h, Fig. 5b). However, long-term visuospatial recognition memory impairment was observed in
Scn1aVTAl783V mice compared to control littermates at mild and late stages of the disease (NOR 24 h, Fig. 5b),
indicating a fail of memory consolidation in this animal model that supports the results obtained in the MWM.

ScnlaVT/A78V mice suffer motor alterations.  Gait and movement abnormalities were apparent in
Scn1aWT/A783V mice right after weaning. In order to quantify motor skills, mice were subjected to a battery of
tests, including rotarod, inverted grid and elevated beam. Altogether, these tests revealed a significant impairment
in coordination and balance, compatible with the clinical observations in DS patients (Fig. 6). In general, motor
performance declined over time in Scn1aVT/A1783V mice, although this trend only reached statistical significance
in the rotarod test when the early and late age groups were compared (Fig. 6a).

Scn1aYT/AL783%V mice present hyperactivity and anxiety. Behavioral manifestations in DS mouse mod-
els are heavily influenced by the specific Scnla defects and the genetic background'®=?°. In order to investigate
this aspect in Scn1aVT/A1783V mice we employed the open-field test. Whereas total distance moved was not differ-
ent from their control littermates (not shown) the most dramatic difference observed was the time spent in the
center of the arena (Fig. 7a). This is a strong indicator of anxiety behavior in these mice. In addition, Scn1aV?
AL783V showed faster peak velocities than controls (Fig. 7b), suggesting hyperactivity/impulsivity. This result is
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Figure 4. Electrophysiological characterization of freely moving Scn1aVT/A178V mijce. (a) Example of the

electrical activity recorded in a Scn1aVTWT (top) and Scn1aW/41783V (bottom) mouse during the thermal
challenge. Two months-old animals (n = 5) were introduced in the heating chamber, and temperature was
increased gradually while electrical activity was recorded in the prefrontal cortex/frontal associative cortex
(PFC), CA1l and dentate gyrus (DG) regions. The heat source was switched on at t =800s. In the case of

the Scn1aW1/A1783V mouse the seizure starts around t=1,700s, at T =38.94 °C. Despite the heat source was
immediately disconnected, seizures persisted and were organized in clusters, even when the animal was
removed from the recording chamber (around t=2,250s). Note the presence of IEDs at RT (t < 1,000s) and
how they increase in frequency as the temperature rises, reaching a maximum right before the seizure (bottom).
In contrast, neither IEDs nor seizures were observed in the case of the Scn1a®™"WT mouse (top). (b) Example of
a seizure with focal origin in the DG that is further generalized (see arrow).

in agreement with the behavior observed during animal handling. In support to the hyperactive behavior, we
observed an increase in the number of repetitive movements (stereotypies), starting at 3 months of age (Fig. 7¢).
In parallel with these signs of hyperactivity, exploratory behavior was severely impaired, as revealed by the marble
burying test. SenlaV/A1783V mice showed a marked reduction in the normal tendency of rodents to cover objects
found in their cages (Fig. 7d). With the aim of studying a complex, species-adapted behavior that could evaluate
the individual’s performance in daily life activities, we carried out the nest building test. A dramatic reduction in
nest assembly was observed in Scn1a"V/A1783V mice, with more than 80% of individuals unable to initiate building
at all age intervals tested (Fig. 7e). In contrast with these behavioral alterations, we could only find mild signs of
impaired sociability when mice were subjected to the social interaction test?®. Scn1aVT/Al783V mice in the interme-
diate age group showed a moderate reduction in contacts during the 15min period of co-habitation, which was
concomitant to an increase in the latency to first contact (Fig. 7f). Therefore, it seems that the main reason for the
reduced number of contacts is the delay in the establishment of the first interaction, which could be influenced
by the other motor and behavioral defects. This finding is in line with the clinical features of DS patients, whose
social abilities are more preserved than the communication skills due to their cognitive impairment?.

Scn1aWT/Al783V mice show increased glucose uptake in the brain. It has been recently described that
DS patients develop abnormal brain glucose uptake starting at 6 years of age?>?. In particular, reduced glucose
uptake was reported in the fronto-temporo-parietal cortices. Although studies are still very limited, this indica-
tor of cellular metabolism could become a prognostic factor for brain function and/or a marker for therapeutic
response in these patients. Therefore, we performed'® FDG-PET in young and middle-aged Scn1aVT/A1783V mice
and age-matched controls that were not subjected to any thermally-induced seizure. In contrast with current
clinical reports, we observed a global increase in glucose uptake specifically in the brain of Scn1aVT/A783V mijce.
A net increase in brain emission was demonstrated, using the liver as a reference organ (Fig. 8a). Mice were then
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Figure 5. ScnlaWT/A1783V mice show cognitive alterations involving task learning and visuospatial memory. (a)
The MWM test performed at different ages showed increased escape latency in the visible platform (VP) in the
ScnlaWT/A178V mice compared with their littermate controls, although significant learning was present in both
groups of mice (p < 0.001 Friedman test). In contrast, the performance in the invisible platform (IP) showed
differences both in absolute latencies and the slope of curves, indicating that Scn1aVT/A1783V mice are unable to
improve their escape latency throughout the training (p > 0.05 and p < 0.001 for Scn1a® 74178V and Scn1a™W™
WT mice, respectively, Friedman). In concordance with the lack of spatial learning, Scn1a%/A1783V mice showed
no preference for the target quadrant in the probe test, consistent with altered retention. Values are represented
as mean +SEM (Scn1a%WT: 1-3 mon=11, 3-5 mo n= 12 and 5-8 mo n=27; and Scn1aV/A1783V: 1_3 mo
n=17,3-5mo n=10 and 5-8 mo n=24). (b) The NOR test was applied to mice in the same age groups.
Although no differences were observed 1h after training (left panel), a significant reduction in long-term
memory was noted in Scn1a%WT/A1783V mjce (NOR 24 h), revealing a defect in memory consolidation. Values are
represented as mean + SEM (Scnla®”WT: 1-3 mo n =37, 3-5 mo n =26 and 5-8 mo n=27; Scn1aVTA1783V;
1-3 mo n=28, 3-5 mo n= 30 and 5-8 mo n=37). Statistical relevance was assessed applying one-way ANOVA
with Tukey’s post-test for VP1-2, IP5, IP8, Probe 15 day 4, Probe 15day 7, NOR 1h and NOR 24h or Kruskal-
Wallis with Dunn’s post-test for VP3-5, IP1-4, IP6-7 and Probe 15 day 9. *p < 0.05, **p < 0.01, ***p < 0.001
for comparison of Scn1aW/A1783V and Scn1aVT'WT mice. Symbols *, + and * correspond to the 1-3, 3-5 and 5-8
months age ranges, respectively.
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Figure 6. Scnl1AWTA783V mice show motor impairment. (a-c) Mice of the indicated age ranges were subjected
to the rotarod, inverted grid and elevated beam tests, as indicated. The latency to fall from the rotatory rod

was decreased in the Sen1 AWT/A1783V mice compared with their control littermates, with significant differences
observed from 3 months of age. For the other two tests, a significant reduction was observed in all age groups.
Each bar represents the mean + SEM of elapsed time (s) and are the mean of at least two trials (Scn1aV VT 1-3
mo n=231/25/19, 3-5 mo n=16/19/14 and 5-8 mo n=24/14/26; Scn1a"V/A1783V.: 1 _3 mo n=18/13/11, 3-5 mo
n=16/29/14 and 5-8 mo n=25/16/31; respectively in each of the tests performed). *p < 0.05, **p < 0.01, and
*kp < 0.001. One-way ANOVA with Tukey’s post-test for (a) and Kruskal-Wallis with Dunn’s post-test for (b,c).

sacrificed and different brain structures were isolated for quantification of radionuclide incorporation. Higher
uptake was observed in all regions, including cerebellum, basal ganglia, brainstem, cortex, thalamus and hip-
pocampus (Fig. 8b). Potential reasons for the apparent discrepancy between recent clinical reports and our results
are discussed below.

Discussion

DS is a complex encephalopathy affecting the inhibition/excitation balance in the brain, which explains the wide
repertoire of clinical manifestations. Apart from the epileptic seizures, other comorbidities have a deep impact
on the quality of life of the patients and their families. Therefore, addressing SUDEP, motor, cognitive and behav-
ioral alterations are clear objectives for new experimental therapies looking for patient-centered outcomes®. In
this context, relevant pre-clinical models and robust methods to quantify response to treatments are becoming
a priority in the field. In this report we have characterized a mouse model in which a missense Scnla mutation
recurrently observed in patients is present in all cells, thus mimicking a clinically relevant situation at the genetic
level. Our results indicate that the most relevant DS manifestations are present in ScnlaV/A1783V mice, and can
be readily quantified using standardized tests. These include a marked sensitivity for thermally-induced seizures,
EEG alterations, progressive motor impairment, hyperactivity and cognitive deterioration.

Behavioral alterations are probably the most variable manifestations among DS patients, and the same occurs
in pre-clinical mouse models. Apart from the inherent difficulty to discriminate different behavior traits using
rodent tests, there is a strong influence of the genetic background and the type of cells affected by the Scnla alter-
ations. In the model described here, the open-field test was a robust method to quantify anxiety (time spent in
the center of the arena). Although the high frequency of stereotypies observed in the Scnla%W/A1783V mice could
be considered an autistic-like behavior, we believe that in this case it is mainly a reflection of hyperactivity. This
is in agreement with the increased velocity in the open-field and the hyper-reactivity experienced during animal
handling. We believe the striking reduction in nest building performance observed in Scnl1aV/41783V mice is a rel-
evant indicator of poor quality of life and a clear parameter to be considered in the evaluation of new therapies. In
contrast, evidences for reduced sociability were not consistent, according to the interaction test. This is probably
influenced by the C57BL/6] genetic background, which is relatively resistant to social interaction defects?®*!. In
fact, PV-specific happloinsufficiency of Scnla in this background showed normal social behavior?, and only the
global introduction of a nonsense mutation (Scn1af¥'" mice) caused alterations in sociability tests. On the other
hand, reduced social skills in DS patients are better explained by their difficulties in communication and their
cognitive impairment rather than by specific deficits in socialization?. In addition, the contribution of cerebellar
alterations to an internalizing syndrome should be taken into account®>?*.

In comparison with the previously described knock-in model carrying the R1648H mutation associated with
GEFS™ (Scn1a™* mice)*, Scn1aW/A1783V have in common the hyperactivity and mild social deficits, whereas the
DS mutation causes deeper cognitive impairment, anxiety and higher mortality. Interestingly, a recent study indi-
cates that the phenotype of heterozygous Scnla®"* mice can be aggravated by repeated hyperthermia-induced
crisis, resembling DS*. This finding highlights the interplay between genetic and environmental factors in disease
progression.
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Figure 7. ScnlAWT/A1783V mice show an altered interaction with the environment. Mice of the indicated age
ranges were subjected to the open-field test and showed a reduction in the time spent in the center of the arena
-indicative of anxiety- (a), hyperkinesia (b) and an increased number of stereotypies (c). No differences in total
distance moved were detected in any age-range (data not shown). Other alterations of animal behavior included
areduction in the normal tendency to hide objects in the marble burying test (d) and a poor performance in
the nest building test (e). The graph represents the percentage of mice that complete, initiate or fail to initiate
the task during one night (dark, medium and light colors, respectively). In contrast, Senl AWT/A1783V performed
relatively well in the social interaction task (f), with a reduction in the number of contacts only observed

in the 3-5 months age range (left Y axis), which coincided with a significantly higher latency to approach

the unfamiliar mouse for the first time (right Y axis), compared with their control littermates. Values are
represented as mean &= SEM (Scn1a%WWT: 1-3 mo n =44/44/14/26/16/16, 3-5 mo n=231/30/13/34/6/11, and
5-8 mo n=29/27/17/8/17/18; Scn1aWT/A783V: 1 _3 mo n = 26/29/14/20/6/15, 3-5 mo n=33/34/9/37/12/11 and
5-8 mo n=35/36/24/18/20/15; respectively in each of the test performed). *p < 0.05; ***p < 0.001, Kruskal-
Wallis with Dunn’s post-test.
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Figure 8. ScnlaWT/A1783V mice show increased glucose uptake in the brain. Mice were subjected to '*F-

FDG PET at the indicated ages. (a) Left panel correspond to maximum intensity projection PET images

of representative mice showing brain '®F-FDG uptake. The quantification of positron emission (mean

SUV) is represented in the right panel. (b) Mice in the 5-8 age group were sacrificed after PET, and isotope
incorporation was quantified in a gamma counter (expressed as % of the injected dose). (1-2 mo n=7; 5-8 mo
n=14). *p <0.05; **p < 0.01. Mann Whitney U test.

Finally, we report for the first time an FDG-PET study in a DS murine model, which could be an indirect,
but clinically relevant marker for brain function in this disease. In contrast with the pioneering reports in DS
patients?®?, we found an increase in glucose uptake in different brain structures. This is not surprising, taking
into account the unbalanced excitatory activity resulting from the insufficient Scnla function. We believe the
apparent reduction of glucose uptake observed in the clinical studies can be influenced by the anti-epileptic drugs
used in patients®, and by the normalization method used in these studies. Haginoya et al. took cerebellum as a
reference?®, whereas Kumar et al. used basal ganglia®. Our data indicate that both brain regions have elevated
uptake positron emission, which complicates the interpretation of results. Brain metabolism is generally reduced
in drug-resistant epilepsies®’, especially as a result of prolonged exposure to seizures. However, hypermetabolism
has been described in interictal periods when continuous epileptogenic activity is present®.

To conclude, we present here an “open access” DS mouse model based on a clinically relevant genetic alter-
ation, which allows the quantitative evaluation of a wide repertoire of disease manifestations. The selection of
methods described in this report cover the most relevant parameters at the clinical, electrophysiological and
metabolic levels. We believe this may be a useful tool to test novel therapies and to obtain meaningful data across
different research groups.

Materials and Methods

Animals. The conditional Scnla-A1783V mice (B6(Cg)-Scnlatm1.1Dsf/], The Jackson Laboratory, stock
no. 026133) were bred to mice expressing Cre recombinase under the control of the CMV promoter (B6.C-
Tg(CMV-Cre)1Cgn/], The Jackson Laboratory, stock no. 006054%°). Breeding pairs consisted of heterozygous
male Scnla-A1783V and homozygous female CMV-Cre mice. See https://www.jax.org/strain/026133 for details
about allele modification and genotyping. Offspring carrying one mutated allele (genotype hereinafter referred to
as ScnlaWT/A1783V) express the A1783V mutation in the Scnla gene in all body tissues, mimicking what happens
in DS. Animals were housed 4-6 per cage with free access to food and water, weighed weekly, and maintained
in a temperature and light controlled (12h/12h light/dark cycle) environment. The studies were performed by
comparing heterozygous transgenic Scnla®/A1783V to age-matched negative littermates Scn1aV""VT, Breeding
and experimental protocols were approved by the Ethical Committee of the University of Navarra (in accord with
the Spanish Royal Decree 53/2013).
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Quantitative PCR. In order to minimize the number of animals employed in this part of the study (lim-
ited to 6 Scn1aWWT and 8 Scn1aW/A1783V)  one brain hemisphere and half cerebellum of each animal were dis-
sected and employed to determine mRNA levels of the Scnla gene by quantitative PCR, and the other one for the
determination of Navl.1 protein levels by Western blotting. After dissecting the cerebral cortex, hippocampus
and cerebellum, the Maxwell® 16 LEV simplyRNA Cells Kit (Promega, Madison, W1, USA) was used for total
RNA isolation following manufacture’s indications. Two micrograms of RNA were then treated with DNase I and
retro-transcribed into cDNA using M-MLYV retro-trasncriptase enzyme (Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA, USA) and random primers (Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA).
These procedures were performed in GeneAmp® PCR System 2400 (Applied Biosystems, Foster City, CA, USA).
Quantitative analysis was performed by real-time PCR using iQTM SYBR® Green Supermix reagent (Bio-Rad,
Hercules, CA, USA) in CEX96 TouchTM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Mouse
Scnla expression levels were determined using specific primers (FP 5' CATGTATGCTGCAGTTGATTCCA
3’and RP 5 AACAGGTTCAGGGTAAAGAAGG 3')* and mouse GAPDH was used as housekeeping gene (FP
5" CCAAGGTCATCCATGACAAC 3'and RP 5/ TGTCATACCAGGAAATGAGC 3). All brain samples were
tested in triplicate. The relative quantification was carried out using the 2—ACt*!. Data are analysed in percentage
vs Scn1aV"WT mice and represented as mean 4= SEM.

Preparation of membrane-enriched extracts and western blotting. The cerebral cortex and hip-
pocampus of the other hemisphere and half cerebellum were employed to obtain the membrane-enriched pro-
tein fraction (P2) as previously described*?. Protein concentration was determined by Bradford assay (BioRad
Laboratories, Hercules, CA) and part of the preparation was solubilized in denaturing conditions as described
before®®. Protein samples were mixed with 4x Urea-EDTA buffer, resolved onto SDS-polyacrylamide gels and
transferred to PVDF membranes. The membranes were blocked with 5% BSA and 0.05% Tween-20 in TBS,
followed by overnight incubation at 4 °C with the following primary antibodies: rabbit polyclonal anti-Nav1.1
(Alomone Labs Cat# ASC-001, Cat# 2118S, 1:500) and rabbit moclonal (14C12) anti-GAPDH (Cell Signaling
Technology, 1:5,000) diluted in 2,5% BSA, 0.05% Tween-20 and 0,01% azide in TBS. Immunolabeled protein
bands were detected by using and anti-rabbit IgG HRP conjugate (GE Healthcare, Cat# NA934V, 1:10,000) and
an enhanced chemiluminiscence system (Lumigen ECL Ultra TMA-6, Lumigen, Inc., Cat# TLA-100). Images
were acquired with a Chemidoc system (Biorad, Hercules, CA, USA), and Image Lab™ software (Biorad,
Hercules, CA, USA) was used for quantification. The employed anti-Nav1.1 antibody is an affinity-purified
rabbit polyclonal antisera raised against synthetic peptides corresponding to the intracellular loop between
domains I and II of rat Nav 1.1. It has been KO validated** and validated for Western blotting immunofluo-
rescence in several publications®>~* Data are analysed in percentage vs Scnla" /" mice and represented as
mean &= SEM.

Immunofluorescence procedures, equipment and settings. Additional animals were perfused tran-
scardially with 0.9% saline followed by 4% paraformaldehyde in phosphate buffer (PB) under xylazine/ketamine
anesthesia. After perfusion, brains were removed and post-fixed in the same fixative solution for 12h at 4°C; and
then cryopreserved in 30% sucrose solution in PB at 4 °C until they sank. Microtome sections (thickness: 30 pm)
were cut sagitally with a freezing microtome and stored in cryopreserving solution (30% ethylene glycol, 30%
glycerol in PB 0.1 M) at —20 °C until processed. To carry out the immunofluorescence, two free-floating tissue sec-
tions per animal were processed (n =4 in each group). Brain sections were washed 3 times with PB at RT and then
a blocking step was performed, followed by overnight incubation at 4 °C with the primary antibody (rabbit poly-
clonal anti-Navl.1, Alomone Labs Cat# ASC-001, 1:500) diluted in blocking solution (2% donkey normal serum,
0.5% Triton X-100 and 1% BSA in PB). After washing them 3 times with PB, slices were incubated with the sec-
ondary antibody (Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Alexa Fluor 488 Cat# A-21206, 1:400)
for 2h at RT and protected from light. To enable the visualization of nuclei, sections were incubated for 5 min with
the DNA marker 4/,6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific Cat# D1306, 300 nM) pro-
tected from light. Finally, slices were washed twice with PB, mounted on super frost plus slides, air dried for 24h,
rinsed in toluene (2 x 5min), and coverslip was placed with Immu-Mount® mounting medium (ThermoFisher
Scientific Cat# 9990402). To ensure comparable immunostaining, sections were processed together under identi-
cal conditions. For the assessment of non-specific primary and secondary immunostaining, some sections from
each experimental group were incubated without primary or secondary antibody, and no immunostaining was
observed in any case. Fluorescence signals displayed in Fig. 2c were acquired with the fluorescence microscope
Eclipse Eboom (Nikon) coupled to a super high-pressure mercury lamp (C-SHG1, Nikon, Japan) using a Plan
Apo 10 x/0.45 DIC L objective. Images were acquired with the DS-Ri2 camera (Nikon, Japan. Capture quality:
3 x 8-bit, 4908 x 3264) and the program NIS-Elements F 4.60.00 64-bit (Nikon, Japan. Image information: 8
bits, calibration 1,17 pm/px, and dimensions 808 x 808). The B-2A filter (excitation: 450-490 nm, DM: 505, BA:
530) was used to detect Navl.1-inmunostained structures and the UV-2A one (excitation: 330-380, DM: 400,
BA: 420) for DAPI-staining. Emissions were color-coded in green and blue, respectively. Acquired fluorescence
images were adjusted in parallel for brightness and contrast in Image] 1.52p (NIH, Bethesda, MD), sharpness
was improved employing an unsharp mask filter (Radius (sigma): 1.0 px, and mask weight; 0.60). For bigger
magnification (Fig. 2d) tissue sections were visualized using a confocal laser scanning microscope (Zeiss Axio
Observer.Z1/7 LSM800 with Airyscan and ESID 2XGaAsP detector module) and a Plan-Apochromat 63 x/1.40
Oil DIC M27 objective. Tissue sections were excited using a 488 nm laser for detecting Nav1.1-inmunostained
structures (emission wavelength 509 nm, detection wavelength 480-700 nm, pinhole 50 um) and a 353 nm laser
for DAPI-staining (emission wavelength 465 nm, detection wavelength 400-480 nm, pinhole 50 um). Emissions
were color-coded in green and blue, respectively. Images were acquired with the program ZEN 2 (blue edition)
(Carl Zeiss. Dimensions: 512 x 512, 16-bit; and image size: 190.16 x 190.16 um). Acquired fluorescence images
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were adjusted in parallel for brightness and contrast in ImageJ 1.52p (NIH, Bethesda, MD), noise was removed
applying a bright outlier detection filter (Radius: 0.1 px, and threshold: 90) and sharpness was improved employ-
ing an unsharp mask filter (Radius (sigma): 1.0 px, and mask weight: 0.20).

Induction of thermal seizures. In order to evaluate the epileptogenic thermal threshold in our animal
model at different ages, a methacrylate cylinder coupled to a thermal system that gradually increased its inter-
nal temperature was used. Before introducing the animal into the cylinder, its body temperature was measured
employing a rectal probe (RET-4, Physitemp Instruments, LLC) coupled to the TCAT-2LV controller (Physitemp
Instruments, LLC). The environmental temperature was gradually increased to a maximum of 45 °C (0.5°C every
305s) or until a generalized seizure was reached. After removing the animal from the cylinder and measuring its
body temperature as described before, the animal was left in a cool box with free access to water to help it recover.

Electrophysiological recordings. Electrophysiological phenotyping of the DS model was carried out by
multisite recordings in 5 Scnl1a®WT/Al78V and 5 Scn1aVTWT mice at 2 months of age (71 & 18 days). Local field
potentials (LFP) from the hippocampus CA1 region and prefrontal cortex together with simultaneous video
recordings were obtained. To do that, mice were implanted with 5 equally spaced 50 um tungsten wires (California
Fine Wire, CA 93433, USA) across different layers of CA1 and dentate gyrus (DG) and a wire at prefrontal cor-
tex, frontal associative cortex (PFC). Coordinates for electrode placement were selected according to Paxinos
and Watson atlas: (AP): —1.94mm; (ML): 1.5 mm; (DV): —2 to —1 mm for the hippocampal bundles and (AP):
2.58 mm; (ML): 1.5mm; (DV): —1.5mm for the PFC. Reference and ground screws were placed over the cere-
bellum. One week after implantation (time for recovery from surgery and inflammation, as recommended by the
ethical committee), animals were connected to an acquisition system for electrophysiological recordings (Intan
RHD2000 system, IntanTech). Simultaneous video recordings were used to assess behavioural state of the animals
and the presence of (clinical) seizures. Recording session began with 30 min of awake, freely moving recordings of
the mice within their cages at RT. Open-field recording was then followed by a thermal challenge where mice were
placed into a heating chamber and recorded at increasing temperatures from RT up to 42 °C or the appearance
of seizures. Custom-made routines running under Matlab (Mathworks, Natick, MA, USA) were used to convert
electrophysiological data and temperature values from Intan format into Spike2 format (Cambridge Electronic
Desing Limited, UK). Reviewing features of the Spike2 software were used to visually inspect the recordings in
order to assess the presence of abnormal activities (interictal discharges), electrical seizures and temperature
values at the onset of the seizures. Interictal epileptiform discharges (IEDs) were semi-automatically annotated
by performing an initial detection following previously described methods* and further validated by visual
inspection. To do that, signals were loaded using Matlab scripts, resampled to 1,000 Hz, band-pass filtered in the
60-80 Hz range and rectified. IED events were detected when the filtered envelope was > 3 times above baseline
and unfiltered envelope was > 3 times above baseline. Envelope was computed by estimating the rms value within
a 200 ms window. Then, candidate events were uploaded into the Spike2 file as a marker channel that was further
reviewed and curated by two specialists. Video recordings were also reviewed by two different specialist to detect
the presence of seizures and to report their semiologycal description according to a modified Racine score for
mice?. Location of the electrodes was assessed by histological verification. To do that, animals were anaesthe-
tized (ketamine 75 mg/kg and xylacine 11 mg/kg intraperitoneal) and intracardially perfused with a solution of
paraformaldehyde (PAF 4%), dissolved in phosphate buffer saline (PBS 0.1 M, pH 7.4). After perfusion, the brain
was taken out and post-fixed during 24 h in PAE Then it was passed to PBS-sacarose for at least 24 h. Brains were
cut in coronal axis using a cryotome. Slices of 30 pm were obtained and processed to assess electrodes location.
The slides were stained with thionine and then observed in a microscope to verify the location of the recording
electrodes.

Behavioural assessment. Morris water maze test. 'The Morris water maze is a hippocampus-dependent
learning task that serves to test the working and reference memory function. The test was carried out as described
before with minor modifications*. The water maze consisted of a circular pool of 1,2 m diameter and 0,6 m height
(LE820120, PanLab Harvard Apparatus) filled with water tinted with non-toxic white paint and maintained at
20°C. During the first part of the test, Visible Platform (VP), mice were trained to find the platform in order to
escape from the water. During this phase, the platform was raised above the water surface and mice were trained
for 5 consecutive days (four trials per day). In the second part of the test, Invisible Platform (IP), the platform was
placed in the opposite quadrant and hidden bellow water level, and visible cues were placed in each of the four
quadrants of the maze to allow spatial learning. Mice were trained for 8 consecutive days (four trials per day) to
generate a spatial map that allows them to find the platform. In both phases, mice were placed into the maze fac-
ing toward the wall of the pool in selected locations pseudo-randomly established. Each trial was finished when
the mouse reached the platform (escape latency) or after 60's; when an animal was unable to find the platform, it
was gently guided onto it. After each trial, animals remained on the platform for 15s. On days 4', 7" and 9% of
the IP phase all mice were subjected to a probe trial in order to evaluate their retention. Platform was removed
from the pool and mice allowed to swim during 60's in the pool, measuring the time spent in the quadrant where
the platform was placed during the IP for the first 15s (Probe 15). All trials were recorded and analysed with the
program WaterMaze3 (Actimetrics, Evanston, IL).

Novel object recognition test. Novel object recognition test (NOR) was conducted for the assessment of visuospa-
tial memory. A standard squared four compartment open-field box mildly illuminated was employed (LE800SC,
PanLab Harvard Apparatus, 90 x 90 x 40 cm). All trials were recorded and exploration times for each object were
analysed manually blindly. Before performing the test, animals were habituated to the box during 15 min, these
data were employed to evaluate their motor spontaneous activity as it will be described later. The test consists of
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three different stages; the first one is the habituation phase. Two identical objects were placed into the box, sym-
metrically separated from each other, and each mouse was allowed to explore them for 5min. After a delay of 1h
or 24 h, the mouse was placed again in the cage and exposed for 5 min to one familiar object in the same position
and to a novel object placed in a new location (NOR 1 h and NOR 24 h phases). All trials were video recorded and
the total time spent exploring each object was measured manually by using a stopwatch. To avoid the presence of
olfactory trails, the apparatus and the objects were thoroughly cleaned after each trial. The discrimination index
(DI) was calculated as percentage following this equation: (Exploration time of the novel object/Total exploration
time) x 100. Consequently, a ratio of 50% reflects equal exploration of the familiar and the novel object, indicat-
ing no learning retention, and ratios above 50% are indicative of visuospatial learning retention.

Rotarod test. Motor coordination, balance and physical condition were tested in a rotarod apparatus (LE8200
Panlab, Harvard Apparatus). The day before the test, animals were trained to walk over the rotating rod for 5 min
at a constant speed of 12 rpm. For the test, animals were positioned on a rod programmed to rotate with lineal
increasing speed going from 4 to 40 rpm in 5min. Animals underwent three trials with a resting time of 60 min
between them. The time spent in the accelerating cylinder was recorded, representing the mean value. Of note,
mice were not subjected to the rotarod test until they weighted at least 10 g, since animals with lower weights
showed inconsistent results.

Inverted grid test. ~ Grip strength was tested by evaluating the capability of the mouse to remain clinging to an
inverted cage lid for 1 min. Animals underwent three trials with a resting time of 60 min between them. The time
spent hanging from the lid was recorded, and the score was estimated by the mean value of the three trials.

Elevated beam test. In order to assess motor coordination the elevated beam test was used. The test was car-
ried out using a cylindrical, narrow and elevated footbridge. The animal must walk on it for a maximum of two
minutes and the time of permanence was evaluated. Animals underwent two trials with a resting time of 60 min
between them. The time spent over the footbridge was recorded, and the score was estimated by the mean value
of both trials.

Open-field test. Motor activity was tested for 15 min in a standardized squared four-compartment open-field
box mildly illuminated (LE800SC, PanLab Harvard Apparatus, 90 x 90 x 40 cm). Trials were video recorded and
automatically analysed using a video tracking system (Ethovision XT 5.0, Noldus Information Technology B.V.,
Wageningen, The Netherlands). Parameters as distance moved (cm), mean speed (cm/s) and time spent in the
central zone (15 cm apart from the walls) were measured and represented. The last value was employed to evaluate
the presence of anxious behaviour. Of note, mice showing very low exploratory activity (less than 5% of the time
dedicated to exploration) were excluded from the analysis, since they tend to remain in one corner of the cage
and would introduce a bias in the evaluation of anxiety. The presence of stereotypies, indicative of anxiety and
hyperactivity, was also evaluated by visual inspection and manually counted.

Marble burying test. Normal exploratory behaviour was assessed with the marble burying test*’. Twelve glass
marbles were put uniformly in a cage, three marbles per line, and mice were placed in the centre of each cage
and allowed to interact with them for 30 min. After this period of time, two blind experimenters quantified the
number of unburied marbles.

Nest building test.  This test is useful for identifying abnormal behaviour in mice®'. Animals were placed in a box
provided with a piece of tightly packed cotton material (Nestlets™ Nesting Material, Ancare) and let to interact
with it overnight. The day after, nesting index was evaluated and scored as no nest, partial nest or complete nest
covering the mouse.

Social interaction task. In each trial, four pairs of mice were tested simultaneously in a standardized squared
four-compartment open-field box mildly illuminated (LE800SC, PanLab Harvard Apparatus, 90 x 90 x 40 cm).
Each mouse was introduced in a compartment occupied by a mouse that had never interacted with it (occupant
mouse). Both animals could freely interact for 15 min. Trials were video recorded, and the number of social inter-
actions and latency time for the first contact was then manually analysed for each tested mouse.

Measurement of cerebral glucose uptake by positron emission tomography. Cerebral glucose
metabolism, reflecting neuronal and synaptic activity, was assessed in vivo by positron emission tomography
(PET) with the radiotracer 18- fluorodeoxyglucose (*8F-FDG). Mice were fasted overnight but allowed to drink
water ad libitum. Mice were injected with ®F-FDG dose (9,5 MBq+ 0,6 in 80-100 pL) through the tail vein and
placed back in the cage for an uptake period of 50 min. Then, animals were anesthetized with 2% isoflurane
in 100% O, gas and placed prone to acquire a static 15-min study in a small animal PET tomograph (Mosaic,
Philips). Images were reconstructed applying dead time, decay, and random and scattering corrections. For the
ex vivo studies of radiotracer incorporation, animals were sacrificed at the end of the study by neck dislocation
and different parts of brain were dissected. Ex vivo counting of radioactivity in the samples was performed in a
gamma counter (Hidex Automatic Gamma Counter, Hidex Oy, Turuk, Finland) to calculate the percentage of
injected dose (%ID). For the semi-cuantiative analysis of the in vivo PET images, studies were analyzed using the
PMOD software (PMOD v3.2, PMOD Technologies Ltd., Adliswil, Switzerland). Images were expressed in stand-
ardized uptake value (SUV) units, using the formula SUV = [tissue activity concentration (Bq/cm®)/injected dose
(Bq)] x body weight (g). To assess brain uptake of '*F-FDG, two spherical volumes of interest (VOIs) were drawn
for each image including the entire brain and liver (reference organ). Then, a semiautomatic delineation tool was
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used applying a predefined threshold of 50% of the maximum or minimum voxel value to obtain new VOIs that
delimited the brain and liver respectively. Finally, the average SUV of the voxels within the VOIs were calculated
(SUV mean) and a SUVmean ratio was calculated dividing brain SUV, ../ liver SUV,_ ..., (SUV|,., ratio).

Statistical analysis. Data were processed for statistical analysis using the Graphpad Prism software. After
identifying outliers by applying the Grubb’ test, data normality was assessed with the D’Agostino and Pearson
omnibus normality test. In Fig. 1 linear regression analysis was performed to assess statistical significance. In the
rest of figures, if data followed normality a one-way analysis of variance (ANOVA) followed by Tukey’s multiple
post hoc test was applied; otherwise, Mann Whitney U test or Kruskal-Wallis test followed by Dunn’s test were
used. In the WMM, the Friedman test was applied to test intra-group improvement over trials. The significance
level was set at p < 0.05.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Abstract: The adaptation of adenoviruses as gene delivery tools has resulted in the development
of high-capacity adenoviral vectors (HC-AdVs), also known, helper-dependent or “gutless”.
Compared with earlier generations (E1/E3-deleted vectors), HC-AdVs retain relevant features
such as genetic stability, remarkable efficacy of in vivo transduction, and production at high titers.
More importantly, the lack of viral coding sequences in the genomes of HC-AdVs extends the cloning
capacity up to 37 Kb, and allows long-term episomal persistence of transgenes in non-dividing
cells. These properties open a wide repertoire of therapeutic opportunities in the fields of gene
supplementation and gene correction, which have been explored at the preclinical level over the past
two decades. During this time, production methods have been optimized to obtain the yield, purity,
and reliability required for clinical implementation. Better understanding of inflammatory responses
and the implementation of methods to control them have increased the safety of these vectors. We will
review the most significant achievements that are turning an interesting research tool into a sound
vector platform, which could contribute to overcome current limitations in the gene therapy field.

Keywords: adenovirus; high-capacity adenovirus; helper-dependent; gutless; gene therapy; vector;
gene correction

1. Introduction

1.1. General Characteristics of Adenoviruses (AdVs)

The Adenoviridae family comprises a wide group of human and animal viruses sharing functional,
genetic, and structural characteristics [1]. Traditional classification in serotypes, based on immune
cross-reactivity, is being substituted by sequence homology for the identification of new AdV types [2].
Human adenovirus type 5 (HAdV5), belonging to the Mastadenovirus genus, is the adenovirus most
frequently adapted as gene therapy vector, and we will use it as a paradigm for the description of
general characteristics. However, the entire Adenoviridae family offers a rich source of members [3] whose
peculiarities are being recently exploited for therapeutic purposes (Table 1). In general, the viral particles
consist of a linear double-stranded DNA genome ranging from 26 to 46 Kb in length (36 Kb in the case
of HAdV5), embedded in core proteins and surrounded by an icosahedral capsid [4]. Each vertex of
this outer structure contains five units of a protein called penton, which act as an anchor for the trimeric
protein fiber. The most abundant capsid protein is the hexon, which together with other structural
proteins forms the facets of the icosahedron. The average size of viral particles is 100 nm in diameter.
The C-terminal portion of the fiber (knob) interacts with the primary receptor in cells [5], allowing an initial
immobilization of the particle in the cell surface, which facilitates further interaction between the penton

Int. ]. Mol. Sci. 2020, 21, 3643; d0i:10.3390/ijms21103643 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0001-7587-7657
https://orcid.org/0000-0002-6682-2598
http://dx.doi.org/10.3390/ijms21103643
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/10/3643?type=check_update&version=2

Int. ]. Mol. Sci. 2020, 21, 3643 2 0f 33

base and integrins [6], as well as binding of fiber shaft to heparan sulphate proteoglycans. These can be
considered secondary receptors, which allow infection of cells lacking the primary receptor, albeit at a
lower rate. This is the reason why most AdV types present a wide cellular tropism. This fact, together with
the possibility of obtaining the virus at high titers, determines that few cells are completely refractory to
AdV infection, at least in vitro. However, AdV types using Coxsackie and Adenovirus Receptor (CAR) as
primary receptor show preference for epithelial cells, whereas other types such as HAdV35 use CD46 or
desmoglein-2, and are able to infect hematopoietic cells (Table 1) [7]. Upon cell attachment, internalization
of the virion is activated through chlatrin-mediated endocytosis [8]. A programmed disassembly of the
capsid is required for further progression of particles in their journey to the cell nucleus [9]. Of note, this is
an active and very efficient process which largely contributes to the high efficacy of transduction [10].
The endocytic vesicles are disrupted owing to the release of protein VI from the capsid, avoiding lysosomal
destruction of the virus [11]. The particles are then transported to the nuclear pore using the microtubular
complexes, and the DNA together with some core proteins are finally introduced into the nucleus [12].
It is estimated that 40% of internalized particles complete this process in less than 2 h. Importantly,
the double-stranded genome is ready to be transcribed once inside the nucleus, which ensures a rapid
and efficient expression of vector-encoded proteins. Wild type AdVs follow a lytic cycle in permissive
hosts, completing the steps of early viral genes expression, genome replication, late viral genes expression,
genome encapsidation, and particle maturation inside the nuclei. At the end, nuclear and cytoplasmic
membranes are disrupted and up to 10,000 new virions are released 48-72 h after infection in highly
permissive cells. Most wild type AdVs cause self-limited infections in their respective host species,
affecting predominantly the respiratory tract, eyes, and digestive tract, depending on the serotypes
(Table 1) [13]. However, human AdVs are severe pathogens in immunocompromised individuals such as
patients undergoing bone marrow or solid organ transplantation [14]. In these cases, AdV is found in
circulation and shows its capacity to infect internal organs such as liver. Interestingly, the origin of these
infections is usually the reactivation of viral reservoirs present in the gut [15], which demonstrates the
possibility of latency or chronic, sub-clinical persistence of the virus.

1.2. AdVs as Therapeutic Agents: Versions and Evolution

AdVs can be modified to exploit different properties, giving rise to specialized agents (Figure 1).
The lytic cycle can be used to destroy cancer cells (oncolytic adenoviruses, OAV). To this end, replication
of the virus should be properly modulated by transcriptional control of the early viral genes (particularly
E1A) or ablation of viral functions that are dispensable only in cancer cells [17]. OAVs can incorporate
transgenes in order to enhance their therapeutic effect, giving rise to the “armed” OAVs, also called
replication-competent vectors. In contrast, when the primary objective is to express transgenes in the
target cells, the replicative potential of AdV should be abolished in order to prevent the destruction of
cells. This is accomplished by removal of the E1 region, which is complemented in trans in the packaging
cells during vector amplification. The E3 region, which is dispensable for the amplification of AdV in cell
culture, is also removed in most cases to increase the cloning capacity up to 8 Kb. These first-generation,
E1/E3-deleted AdV vectors (FGAdV) demonstrated high transduction efficacy in cell cultures and animal
models, and its clinical translation raised high expectations [18]. Further deletion of viral genes such as
E2 and E4, owing to the development of the corresponding trans-complementing cells, increased the
cloning capacity of these second generation AdV vectors (Figure 1). However, the presence of a substantial
proportion of the wild type genome leads to a residual expression of viral proteins in the transduced cells,
and elicits cytotoxic immune responses against them, limiting the duration of transgene expression in
immune-competent hosts [19]. Therefore, the current application of these early generation vectors is limited
to vaccination strategies [20], apart from their use as research tools for cell culture transduction. It was only
when all viral coding sequences were completely removed (3rd generation, “gutless” vectors) that cellular
immune responses against transduced cells were dampened and long-term transgene expression was
achieved in vivo. Seminal studies in non-human primates (NHP) demonstrated that a single intravenous
administration can sustain secretion of therapeutic proteins from the liver for several years [21,22]. In these
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vectors, only the inverted terminal repeats (ITR), the packaging signal (¥), and in some cases a short
non-coding region from the right end of the viral genome, are maintained [23]. These small sequences are
required for genome replication during vector production, encapsidation of genomes, and maintenance of
genome stability, respectively. The cloning capacity of these vectors is extended to 37 Kb, which justifies
their denomination as high-capacity adenoviral vectors (HC-AdVs). Since the size of expression cassettes is
usually smaller, HC-AdVs need to incorporate stuffer DNA in their genomes in order to reach the minimal
size for stable packaging, which is close to 28 Kb in the case of HAdVS5 [24]. Of note, packaging cells
expressing all viral genes are not viable, as discussed below. Therefore, trans-complementation is usually
achieved using a helper virus (HV), which is a specialized E1/E3-deleted AdV vector. This explains the
alternative denomination as helper-dependent AdV vectors (HD-AdV). In the next sections, we will
summarize and discuss different aspects of HC-AdVs, with special attention to the therapeutic possibilities
they offer and the current challenges in the field.

Table 1. Characteristics of all human adenovirus (HAdV) types, and selected examples of animal AdVs
adapted as gene therapy vectors.

Genus Natural Host Ad(‘,;,yspl::)ues Receptors Tropism Gen(()lxg:) Size
A Epithelium (respiratory,
(12,18, 31,61) CAR, INT intestinal)
B CD46, DSG2, Epithelium (respiratory,
(3,7,11, 14, 16, 21, CD80, CD86, ocular, urinary);
Y
34, 35%, 50, 55) LPR, INT lymphoid, HSC
C CAR, HSPG, Epithelium (respiratory,
LPR, MHC-], SR, . . .
(1*,2*,5*,6*, 57) VCAM-1. INT ocular, intestinal); liver
D
Human (8-10,13,15,17,19, 3436
(HAdV) 20,22-25, 26, 27, 28, SA, CD46, Epithelium (respiratory,
29, 30, 32, 33, 36-39, = . .
42,43, 4447 48,49, CAR, INT ocular, intestinal)
51, 53, 54, 60a,
62-65, 67,69, 71, 81)
E CAR, INT Epithelium (respiratory,
@ — ocular)
Mastadenovirus (40, 41) CAR Epithelium (intestinal)
(5(;) SA,CAR Epithelium (intestinal)
Canine A Epithelium (respiratory);
(CAdV) (2%) CAR neurons 31
L C Epithelium (respiratory,
(SSI?CIR?) (3, Pan3) CAR ocular, intestinal); liver 36
Chimp. E Epithelium (respiratory,
P (7, 63, 68) CAR ocular, intestinal); liver 365
. A Epithelium (respiratory,
Porcine (PAdV) 3% intestinal) 34
. Epithelium (respiratory,
Murine A INT, HSPG ocular); brain, 31
(MAAV) @ — .
spinal cord, spleen
(?) Epithelium (respiratory) 35
Bovine (BAdV) B Epithelium (respiratory,
SA intestinal); liver, 344

@)

kidney, heart
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Table 1. Cont.

AdV Species . Genome Size
Genus Natural Host (Types) Receptors Tropism (Kb)
A (CELO) CAR Ep1thehum (respiratory); 438
1) - liver
C CAR Eplthehur? (respiratory); 456
Aviadenovirus Fowl (FAdV) (4,10) iver
D
©) nd 45
E Epithelium (respiratory);
. 45
®) liver
Atade-novirus Ovine (OAdV) D INT Ep1thel'1um (r espiratory, 29.6
(7) — intestinal)

Viruses adapted as gene therapy vectors are marked in bold, and those with HC-AdV versions are distinguished
by an asterisk. The best characterized receptors are described (with primary receptor underlined), but they are
not exclusive. Note: for chimpanzee AdV we have used the classification described in [16], but some of them
can be included in human Mastadenovirus species. CAR, Coxackie and Adenovirus receptor; DSG2, desmoglein
2; HSPG, heparan sulphate proteoglycans; INT, integrins; LPR, low-density lipoprotein receptor related protein;
MHC-I, major histocompatibility complex-I; SA, syalic acid; SR, scavenger receptor; VCAM-1, vascular cell

adhesion molecule-1.
i Transgene expression (weeks)

Vv
w
o=
o

oo ]
o /%60 Jo )
oo
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»ole»e
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Genetic diseases

E1/E3-deleted E1-E4-deleted HC-AdV
L (1tgen.) (2" gen.) (3 gen.)
3 8 37

Cloning capacity (Kb)

Figure 1. Versions of adenoviral vectors and potential therapeutic applications. The size range allowed
for genome packaging is between 28 and 38 Kb. Oncolytic adenoviruses retain most of the viral genome,
including the E1 region, which is required for replication. They can accommodate up to 3 Kb of
exogenous DNA if the E3 region is partially deleted. Since they replicate their genomes and cause the
lysis of infected cells, transgene expression is very intense but transient. Among replication-deficient
vectors, E1/E3-deleted (1st generation) versions can harbor up to 8 Kb. This capacity can be extended
up to 14 Kb if the E2 and E4 regions are also deleted (second generation). Although these vectors do not
cause direct destruction of infected cells, cytotoxic immune responses against them limit the stability
of transgene expression. Apart from vaccination strategies, E1/E3-deleted vectors are still a widely
used research tool for in vitro and in vivo gene transfer. High-capacity adenoviral vectors (HC-AdVs)
(third generation) only retain short non-coding regions from the AdV genome (ITRs and 1 signal),
which leaves a cloning capacity of 37 Kb. The lack of viral gene expression in transduced cells reduces
cellular immune responses and allows long-term transgene expression, which decreases slowly as the
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cells are renewed. HC-AdVs are suitable for all in vivo applications, including gene supplementation
and gene correction for monogenic diseases. The indicated duration of transgene expression is based on
liver-directed transduction in NHP, but it can be different in other hosts and tissues. In vector genomes,
viral DNA is represented in red and exogenous DNA in green (including expression cassettes and/or
DNA templates, and stuffer DNA).

2. Production of HC-AdVs

The removal of all viral coding genes dictates the unique properties of HC-AdVs in terms of
stability of expression and cloning capacity, which differentiate them from early AdV vector versions.
The downside is a greater complexity of the production procedures, because stable expression of all
adenoviral genes in packaging cells, in the pattern and amount required for trans-complementation,
is not feasible. Therefore, most methods rely on the use of HVs. The main differences among them are
the strategies used to avoid HV contamination in the final HC-AdV preparation, as described below.

2.1. Viral Rescue and Amplification

The first method for HC-AdV production dates back to 1996, when Kochanek et al. prepared a
plasmid containing 28 Kb of non-viral DNA flanked by AdV ITRs, with the packaging signal in one
end [25]. The HV was a FGAdV with a 91 bp deletion in the packaging signal, so it would have a
competitive disadvantage for encapsidation. When the plasmid was transfected in HEK293 cells and
then cells were infected with the HV, they could rescue a small amount of HC-AdV. After several
rounds of co-infection in a growing number of cells, the vector was purified by ultracentrifugation
in a density gradient. The final contamination with HV was in the range of 1%, but production of
HYV was problematic because of the inefficiency of packaging. Later, Parks et al. introduced the
concept of Cre-mediated excision of the packaging signal [26]. When this sequence is flanked by
loxP sites in the HV and the cells express the recombinase, high yields of HC-AdV with less than
0.1% HV contamination can be routinely obtained. Apart from the efficient removal of the packaging
signal, an important advantage of this methods is the easy production of the HV in standard HEK293
cells. Although similar results were obtained when the FLP/frt system was used [27], the Cre/loxP
system is currently the gold standard, and it is the basis for most improvements developed since
then, as described below. The HV is usually an E1/E3-deleted vector, but restoration of the E3 region
has been described to increase its helper efficacy. On the other hand, deletion of the E2 region may
increase the safety of HVs, although special packaging cells complementing the E1 and E2 genes are
required [28]. During HC-AdV amplification, the shut-off of protein synthesis in the cell, imposed by
the virus, limits the availability of the Cre recombinase. This is the moment of highest demand for
the removal of packaging signal in a growing number of HV genomes [29]. To avoid this limitation,
a self-inactivating HV was developed in which the recombinase is inserted in its own genome [30].
Owing to a drug-inducible system and the use of the MerCreMer fusion protein [31], cleavage of
1 can be modulated and this HV can be produced in HEK293 cells. In contrast, this sequence is
efficiently cleaved when the expression of MerCreMer is stimulated by doxycycline, and the addition of
4-hydroxy-tamoxifen allows the access of the protein to the nucleus. Increasing the difference in genome
size between HV and HC-AdV facilitates the separation of the particles by density, and inverting the
orientation of the packaging signal in the HV reduces the risk of productive recombination with the
HC-AdV genomes [32]. Deletion of the pIX gene decreases the packaging capacity of HAdV to 35 Kb.
If the size of the HV exceeds this limit and harbors this deletion, it can only be produced in specialized
HEK293 cells expressing pIX. This phenomenon can be exploited to reduce HV contamination [33].
Flanking the HV packaging signal by attB/attP sequences produces a delay in encapsidation, which can
be used to reduce contamination [34]. Other methods rely on the incorporation of the HV genome in
other vectors such as Baculovirus [35] or herpes simplex virus (HSV) [36]. More recently, a HV-free
method has been described, in which all trans-complementing genes are provided by transfection
of a plasmid devoid of packaging signal, in several steps of amplification [37]. This procedure is
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reminiscent of the initial stages of amplification in pioneering protocols [38], but the new method
relies on co-transfection of a plasmid encoding the AdV pre-terminal protein (pTP) to enhance vector
yield. This result challenges the notion that TP should be covalently fused to both genome ends in
order to promote genome replication [39]. The suitability of this procedure for large-scale production
awaits confirmation.

2.2. Purification

In principle, HC-AdVs can be purified the same as any other AdV. Ultracentrifugation in CsCl
density gradients is the traditional method, followed by desalting by size exclusion chromatography
(sepharose columns) or dialysis [40,41]. However, iodixanol may have advantages compared with
CsCl. On the one hand, it is more biologically compatible and requires shorter centrifugation
times. On the other hand, it can preserve particle infectivity during the purification process,
and provides better separation of particles with small differences in genome size. In fact, reduction of
HYV contamination from 2.5 to 0.03% has been reported after two iodixanol purification steps [42].
In principle, these methods allow to discriminate empty and incomplete viral particles from particles
containing full vector genomes, improving (reducing) the total to infectious particle ratio. This is
especially relevant for HC-AdVs, since crude lysates often present very high ratios. When the difference
in genome sizes between HC-AdV and HYV is sufficient, selecting the correct fraction can also reduce
HV contamination [27]. Anion exchange columns and density gradients can be used sequentially to
improve separation [42]. However, ultracentrifugation is not convenient for high-scale production and
good manufacturing practices (GMP) adaptation. A combination of chromatographic methods based
on capture antibodies, ionic exchange, size exclusion, hydrophobic interaction, and immobilized metal
affinity columns has been described [43,44]. Methods that contribute to the enrichment in full vector
particles are especially indicated for HC-AdV [45,46].

2.3. Quantification

Common to all viral vectors, the availability of standardized methods for precise quantification
of HC-AdVs is an unmet need. The simplest way to determine the amount of particles (vp) in a
purified HC-AdV preparation is based on the absorbance at 260 nm, usually performed after disruption
of capsids by detergent (SDS) or enzymatic treatment [47,48]. Similar to other vectors such as those
derived from adeno-associated virus (AAV), quantitative PCR can be used to determine the amount
of viral genomes (vg) [49], which should provide information equivalent to the spectrophotometer.
In both cases, the availability of certified standards could contribute to the reproducibility of results,
the comparison of different vector batches, and the uniformity of data across laboratories [50]. In contrast
with early generation AdV vectors, HC-AdVs are not replicative even in the packaging cells. Therefore,
quantification of plaque forming units (pfu) or infectious units (iu) using end-point dilution methods
or commercially available kits is not possible. For determination of iu, permissive cells exposed to the
vectors can be lysed a few hours later and viral genomes are quantified by PCR [49,50]. Although this
method is more restrictive than direct PCR of particles and provides a closer estimation of transduction
potency, it is difficult to standardize, and the values are always relative to the cell line and the culture
conditions employed. However, iu quantification can explain apparent inconsistencies in the performance
of different vector batches. Only when the production process is perfectly standardized, an equivalent
ratio between total and infectious particles can be assumed. This ratio is usually higher in HC-AdVs
compared with OAVs or FGAdV vectors, and differences have also been reported among AdV vector
platforms. For instance, vectors derived from canine adenovirus type 2 (CAV-2) present ratios of less
than 3:1 [51], whereas ratios of 10:1 or higher are common for human vectors, although it can be due to
the specific cell lines employed for quantification. Comparing the performance of different vectors such
as those derived from AAV and AdV is even more complicated. The few articles taking this challenge
usually report the dose of AdV using iu and vp, whereas AAV are quantified in vg [52]. However,
a relevant comparison should take into account different parameters such as the balance between safety
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and efficacy, feasibility of production, and the amount of vector genomes in the target organ needed for
the therapeutic effect.

3. Immune Responses and Other Host—Vector Interactions

All HC-AdYV interactions with the extracellular milieu are common to the parental AdV type
used to develop the HV, unless specific capsid modifications have been implemented. This means,
for instance, that HC-AdVs derived from the prototypic HAdV5 will bind with high affinity to
erythrocytes in circulation, through direct binding of fiber to the primary CAR receptor, or via natural
antibodies to complement receptor CR1 [53]. It is not entirely clear whether this is a barrier for AdV
dissemination or if the virus can use these cells as carriers. Vitamin K-dependent coagulation factors
such as FVII, FIX, and FX bind to the hexon of many AdV types (including HAdV5). This is a critical
factor for transduction of hepatocytes [54], and it can shield the particles from natural IgM antibodies
and from the complement system, favoring the function of intravenously administered vectors [55].

In the same vein, HC-AdVs elicit innate and humoral adaptive immune responses similar to other
AdV vectors [56]. Of note, inflammatory responses against AdV are largely responsible for the toxicity
observed when these vectors are administered systemically at high doses [57]. A dose-dependent
elevation of cytokines such as interleukin-6 (IL-6) has been documented in animal models and
patients [58,59], and a similar scenario is expected in the case of HC-AdVs [60]. In the vast majority
of cases, this is a self-limited event. However, the death of a patient in a pioneering clinical trial
4 days after receiving 3.8 x 10!3 vp of an early generation AdV vector [59] is a constant reminder
that cytokines should be monitored. New methods to counteract inflammatory mediators such as
IL-6 and tumor necrosis factor alpha (TNF«), including monoclonal antibodies, should be available
to guarantee the safety of clinical trials based on systemic administration of these agents [61]. It is
reassuring to see that after more than 500 clinical trials involving AdV vectors and OAVs, no more
vector-related life-threatening adverse effects have been reported. Although clinical experience in
specific populations such as young children and severely immunocompromised patients is limited,
an increase in immune-related adverse effects is not expected. In the latter group, the risk of OAV
replication in normal tissues should be carefully evaluated.

In contrast with the aforementioned considerations, vector-related cellular immune responses
against transduced cells are attenuated in the case of HC-Ad Vs compared with other AdV vectors [62-64].
The rapid degradation of incoming capsids and the lack of viral genes encoded in the vector genome
reduce the possibility of presenting highly immunogenic viral epitopes in the surface of the cells.
AdV-specific T-cells responses can be stimulated after intravenous administration of HC-AdVs in
different animal models [56,65], but in contrast with early generation AdV vectors [66], a biphasic
elevation of liver transaminases is not observed [56,67]. This is consistent with a dose-dependent
inflammatory response leading to early and transient liver damage, which is not followed by cytotoxic
immune responses against transduced hepatocytes (Figure 1). Importantly, the pre-existing anti-AdV
humoral and cellular immune responses do not compromise the stability of transgene expression in
mice treated with HC-AdVs [62,64], increasing the prospects for successful application of these vectors
in humans. However, AdV-specific CD4 T cells are detected in a high proportion of individuals [68],
and the possibility of cytotoxicity against transduced cells harboring incoming viral particles cannot be
ruled out. Since the predictive value of animal models toward vector-related immune responses is
limited, carefully designed clinical trials should investigate this phenomenon. Experience with AAV
vectors suggests that rapid or prophylactic corticoid treatment could overcome immune-related loss of
transgene expression [69].

4. Genome Stabilization in Transduced Cells

HC-AdV particles penetrating into mammalian cells are transported through microtubules and
introduce their genome in the nucleus, following the highly efficient pathway common to all AdV
vectors [8]. During this process, the incoming particle components and the vector DNA can be detected
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by pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and nucleic acid sensors,
triggering cellular antiviral defense mechanisms (type I interferons (IFNs), TNFo and other cytokines,
depending on the cell type) [70-72]. Compared with the wild type infectious cycle, the absence of
viral replication in HC-AdVs reduces the activation of antiviral defenses, but on the other hand the
lack of E3 and E4 genes eliminates the natural mechanisms that AdV has developed to counteract
these responses [73-75]. It is difficult to determine to what extent the antiviral pathways reduce the
efficacy of transgene expression by DNA degradation, transcriptional repression, or other mechanisms.
However, the net balance of these early vector-cell interactions is, in a relevant proportion of cells,
the persistence of HC-AdV genomes in an episomal state [76]. The kinetics of transgene expression
in vivo, in organs such as the liver, is compatible with permanent presence of transcriptionally active
genomes during the entire lifespan of transduced cells, when the appropriate promoters are used [22].
During cell division, HC-AdV genomes are more stable than dsDNA fragments transfected by non-viral
methods [77], suggesting specific mechanisms of retention. Although a low proportion of chromosomal
integrations have been detected, this is a random process inherent to the presence of linear DNA in the
nucleus, and it cannot account for the stability of transgene expression in vivo [78]. AdV genomes
enter the nucleus still bound to core proteins, and as soon as 1 h after infection, both protein VII and
cellular histones are associated with the viral DNA. In the absence of replication, the predominant
histone found in vector genomes is H3.3, which progressively replaces protein VII [79]. The process
is dependent on the chaperone HIRA [80], and this chromatinization seems to be important for the
stabilization of transgene expression. It is not surprising that sequences contained in the vector genome
determine its epigenetic status and exert a strong influence on the expression cassette. The cloning
capacity of HC-AdVs allows the incorporation of human genomic fragments partially mimicking the
chromosomal regions of interest. Therefore, the so called “stuffer” DNA may play a relevant role
as part of the expression cassette [81]. Genome persistence at the cellular level is a critical event,
but the interplay between cellular, tissue, and systemic factors has a major impact on the stability of
transgene expression in vivo. For instance, an initial period of high expression followed by a decline
and then long-term stabilization has been reported in some studies using intravenous administration
of HC-AdVs [21,77,82]. This may be due to the initial transduction of several populations of cells in the
liver, each one with a different turnover (long-lasting hepatocytes versus Kupffer cells, etc.). The same
could apply to glial versus neuronal populations in the brain [62]. Of note, this phenomenon can lead
to apparent disappearance of transgene expression if the initial intensity is low, depending on the
sensitivity of detection methods [83]. Finally, the influence of the transgene product should be taken
into account. These factors may explain some differences observed when the vectors are administered
to rodents, dogs, macaques, and baboons at different ages. Importantly, remarkable stability has been
observed in adult NHPs when the transgene encodes an endogenous protein, which could be detected
in serum more than 7 years after initial vector administration [22].

5. Beyond HAdV5: Expanding the Repertoire of HC-AdVs

HAAJV5 is a robust platform for the construction of HC-AdVs. Binding of capsids to the primary
receptor CAR, and the interaction with secondary receptors such as integrins and HSPG, allow efficient
infection of a variety of cell types, especially those of epithelial origin [8]. In addition, the length of
its fiber and the interaction with blood proteins determine a marked liver tropism upon intravenous
administration [54,84]. However, other HAdV5 features are not so favorable, such as the high
frequency of neutralizing antibodies (NAbs) in adults [85,86] and the massive uptake by resident
macrophages in the liver (Kupffer cells), which contributes to inflammation and reduces hepatocyte
transduction [87-89]. Inaddition, HAdV5is relatively inefficient infecting hematopoietic cells, and some
tumors may reduce the expression of CAR [90,91]. Luckily, the Adenoviridae family provides a wide
repertoire of members with specific properties matching many therapeutic needs (Table 1) [92,93].
Moreover, new capsid variants can be obtained by pseudotyping [94-98], rational design [99-101],
or forced genome recombination followed by in vitro or in vivo screening [102]. Of note, in most
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cases the same HC-AdV genome can be incorporated in different capsids depending on the HV
employed, which means that all the technology developed to target FGAdV and oncolytic vectors
can be readily applied to HC-AdVs [103,104]. Producing a collection of antigenically distinct vectors
would enable efficient re-administration, if needed, or heterologous prime-boost vaccination regimes.
Finally, vectors can be coated with a variety of polymers in order to change their properties (reviewed
in [105,106]). This can reduce their immunogenicity and protect particles form NAbs. In many cases,
masking AdV epitopes results in loss of infectivity, which can be restored and re-directed to specific cell
populations by ligand attachment into the shield [107]. Chemical coating can be facilitated by discrete
genetic modification in the capsid. For instance, alanine to cysteine mutation into the hypervariable
region 5 (HVR5) of HAdV5 allows efficient attachment of polyethylene glycol (PEI), which modulates
hepatocyte transduction and reduces uptake of capsids by Kupffer cells [108].

Members of species B HAdV such as HAdV35 bind to CD46 as a primary receptor instead of
CAR, which allows them to infect cells of hematopoietic origin, including hematopoietic stem cells
(HSC) [7]. The construction of chimeric HVs displaying the HAdV35 fiber in the context of the
standard HAdV5 backbone made it possible the advent of HC-AdVs with this expanded tropism [109].
HAAdV35 fiber knob mutants with enhanced affinity for CD46 (35++) have been selected from an E.Coli
expression library, and vectors displaying the selected variants showed improved transduction of
CD46™" cells in vivo, with lower liver sequestration [94]. Coupled with other strategies for genome
integration, these vectors are opening unprecedented opportunities in genetic and acquired diseases,
as will be discussed in the next sections. Other HAdV types such as HAdV6 show reduced uptake
by Kupffer cells. This property can be conferred to HAdV5-based vectors by swapping the hexon
hypervariable regions between both types of vectors [95]. The chimeric 5/6 HC-AdV vector showed
enhanced liver transduction and lower inflammatory reactions compared with equivalent vectors
derived from HAdV5, as expected [96]. Interestingly, it was also superior to those derived from HAdVS,
probably because the longer shaft of HAdVS5 fiber is favorable for hepatocyte infection. The modularity
of AdV components and the compatibility of them among different members of the family allow a vast
number of potential combinations.

AdV derived from other host species are being exploited for therapeutic purposes, and some of
them have been modified as HC-AdVs (Table 1). Apart from other specific properties, these agents have
the advantage of low seroprevalence in humans, which facilitates their clinical application. However,
cross-reactivity of NAbs, and especially T cells, have been reported between HAdV5 and certain
chimpanzee AdVs, such as type 6 (ChAdV6 or AdC6) and ChAdV7 [110,111]. This unfavorable event
seems more unlikely in AdVs isolated from more distant species such as bovine and porcine [112].
The downside is that these viruses usually require the development of dedicated production systems,
in particular packaging cells. Regarding safety, it should be taken into account that HC-AdVs present
the highest degree of attenuation, thus avoiding the risk of unexpected virulence in humans. The CAV-2
presents a strong dependence for CAR in order to infect cells, which implies that in the brain it shows
preferential tropism for neurons versus glial cells [113]. This may reduce inflammatory responses
and contribute to the accessibility of the target cells for many genetic diseases affecting the brain.
In addition, CAV-2 vectors show an efficient axonal transport from neurites to the soma, because their
intracellular trafficking mechanism relies on a vesicular pathway instead of the association of naked
particles to the cellular microtubular network [114]. It is believed that this pathway protects the capsid
from degradation in their journal through long axons. Therefore, HC-AdVs based on CAV-2 have been
developed for the treatment of neurological diseases [115], as recently reviewed [116].

6. Therapeutic Applications of HC-AdVs

6.1. Gene Supplementation in Monogenic Diseases

Since AdV vectors are non-integrative, transgene expression will only be stable if the target cells
have a low turnover rate, unless artificial mechanisms are designed to sustain genome replication or
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chromosomal integration [117]. In concordance with the natural tropism of the standard HAdV5-based
vectors, HC-AdVs have been applied mainly to transduce the liver.

6.1.1. Liver-Directed Gene Supplementation

Gene expression from hepatocytes has therapeutic interest not only for hepatic and metabolic
diseases, but also for secretion of proteins into circulation. Hemophilia has been considered a suitable
target for liver-directed gene therapy from the beginning of this field, because coagulation factors
are naturally produced and secreted from this organ. Transduction of all hepatocytes is not required
to obtain a therapeutic effect, as far as the circulating levels of the proteins reach a certain threshold.
In general, 5% normal values are needed to convert a severe hemophilia into a mild disease, and 30-50%
should be obtained for complete clinical normalization [118]. Hemophilia A was an obvious indication
for HC-AdVs because the 7 kb-long coagulation factor VIII cDNA (F8) exceeds the cloning capacity
of AAVs. Pre-clinical studies in mice showed restoration of circulating FVIII at therapeutic levels
using a vector encoding human F8 under the control of the albumin promoter [119]. Following safety
assessment in mice and dogs [120], this strategy moved quickly into the clinic. In 2001, the first
patient treated intravenously with 4.3 x 10!! vp/Kg of the vector showed initial signs of efficacy
(increase from less than 1% to 3% FVIII levels in serum), according to sponsor’s press releases.
However, the appearance of acute thrombocytopenia, increased liver transaminases and elevation of
IL-6 prevented the enrollment of more patients in this cohort. Since safer doses of this vector had low
therapeutic possibilities, the trial was not continued, and full description of this case is not available
in the scientific literature. Although only speculative, one possible explanation for this outcome is
a relatively high HV contamination combined with high total to infective particle ratio during mass
production of the vector, since the method available at that time was not optimal [25]. In addition,
expression of the prokaryotic LacZ gene from HV-transduced hepatocytes could contribute to liver
damage and immunogenicity. Subsequent pre-clinical developments, including improvements in the
production methods, showed therapeutic benefit and moderate, dose-dependent toxicity in stringent
models such as hemophilic dogs [67,82,121]. The failure to maintain high levels of FVIII in circulation
was mainly attributed to the intrinsic immunogenicity of this protein. In fact, neonatal administration
of the vectors achieved tolerance and improved the performance of re-administration in adults, at least
in mice [122]. The use of liver-specific promoters also reduces the possibility of transgene expression
in antigen-presenting cells [123]. However, no further clinical trials were performed, in part because of
the development of efficient AAV vectors carrying shorter versions of the F§ cDNA [124,125].

Gene therapy approaches for hemophilia B followed a similar pattern. In this case, the relatively
small size of the mutated gene (F9, cDNA 1.5 Kb) allows the use of AAV vectors without transgene
engineering, which has expedited its clinical translation [118]. Other circumstances favoring the
success of gene therapy for hemophilia B, irrespective of the choice of vector, include the efficient
secretion of the therapeutic protein from the liver and the lower frequency of alloantibody development
in patients, compared with hemophilia A [126]. HC-AdVs expressing F9 under the control of
liver-specific promoters have shown excellent preclinical results in murine hemophilia B models [127].
Canine models show higher variability, and some cases of premature transgene expression shutoff
have been reported for unknown reasons [128]. However, further work achieved sustained therapeutic
levels of clotting FIX in this stringent model [129]. Importantly, studies in NHP confirmed the
stability of transgene expression previously observed using other transgenes such as -1 anti-trypsin
(A1AT) and o-fetoprotein [21,58]. In order to enhance liver transduction while reducing systemic
exposure to the vector, a HC-AdV encoding human FIX was injected in rhesus macaques through
the hepatic artery with transient balloon occlusion of the inferior vena cava. The maximal dose
reported (1 x 10'2
for more than 2 years [130]. No serious adverse effects were observed, but further studies are
needed to determine the maximal tolerated dose and therapeutic range of this approach. Of note,

vp/Kg) was needed to guarantee sustained therapeutic levels of the clotting factor
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clinical experience indicates that 6 x 10!! vg/Kg of an E1-E4-deleted AdV administered through the
portal vein caused a severe inflammatory syndrome in one human subject [59].

Another example in which transgenes expressed from the liver and secreted into circulation can
be therapeutic is A1AT deficiency (A1ATD). HC-AdVs encoding A1AT were among the first vectors
of this class to be tested in animal models, including NHP [21,131]. In fact, A1AT has been used
as a reporter gene in the early evaluation of HC-AdVs [132]. In all cases, efficient and long-lasting
expression has been demonstrated. However, the therapeutic potential has not been evaluated in
A1AT-deficient models. Since the liver is also affected in this disease because of the aggregation of the
mutated protein, full recovery requires simultaneous transgene expression and inhibition/disruption of
the endogenous gene. This challenge is now feasible owing to new gene editing tools, and HC-AdVs
are a suitable vector platform, as will be discussed in Section 6.2.

Systemic administration HC-AdVs have shown therapeutic effect in different models of
dyslipidemia, in which elevated and sustained levels of therapeutic proteins are needed in circulation.
A pioneer study demonstrated the lifelong correction of cholesterol levels in Apo E-deficient mice
upon a single intravenous administration of HC-AdVs, especially when they incorporate Apo E gene
and regulatory sequences in the genomic context [133]. Vectors encoding Apo Al achieved elevation of
high-density lipoproteins (HDL) and reduction of low density lipoproteins (LDL), as well as prevention
of atherosclerotic lesions in Apo Al-deficient mice [63,134]. Reduction of cardiovascular risk was
also demonstrated in Apo E and LDL receptor-deficient mice [135,136]. Apart from liver-directed
gene therapy, direct vascular wall transduction is being investigated for reversion of atheromatous
plaques. Sustained expression of endothelial cells has been demonstrated upon intra-arterial delivery
of HC-AdVs. Using this approach, significant improvement has been observed in high fat diet-fed
rabbits [137]. Co-expression of Apo Al and the ATP-binding cassette subfamily A, member 1 (ABCA1)
is feasible using HC-AdVs, and this combination can improve the cholesterol efflux from endothelial
cells [138]. Reduction of cholesterol and cardiovascular protection was also observed in LDL receptor
(LDLR)-deficient mice treated with a vector encoding LDLR. Interestingly, a vector encoding the
very low density lipoprotein (VLDL) receptor gene obtained a partial correction of cholesterol levels,
probably because it can only restore uptake of Apo E, but not Apo B100-containing lipoproteins [139].
Later on, experiments carried out in rhesus macaques heterozygous for a LDLR mutation highlighted
the potential limitations of this approach in the clinical setting, and suggested potential solutions [140].
First, dose-dependent toxicity associated with inflammatory responses was confirmed following
intravenous injection of the vector. Taking into account that diseases such as LDLR deficiency
require high levels of transgene expression to obtain a therapeutic effect (at least 50% normal values),
the therapeutic index of intravenous administration is too narrow. This problem was circumvented
by an optimized balloon occlusion method, which decreased the systemic exposure to the vector and
reduced 5-fold the therapeutic threshold (1 x 102 vp/Kg). The second serious concern was an elevation
of transaminases (ALT) observed 2 months after treatment. Although the increase was mild and
transient, it was followed by a reduction and virtually disappearance of the therapeutic effect (rebound
of cholesterol levels to pre-treatment values). In principle, immune responses against the transgene
were discarded because the vector expressed the rhesus monkey LDLR cDNA in haploinsufficient
animals, and it was under the control of the liver-specific phosphoenol pyruvate carboxykinase
(PEPCK) promoter. Although no T-cell responses could be detected against adenoviral proteins,
this phenomenon is reminiscent of the situation observed in humans treated with AAV vectors [141].
It remains to be tested if the same management (short course of corticoid treatment) will be effective in
the case of HC-AdVs, if needed.

Primary hyperoxaluria type 1 (PH1) is caused by defects in alanine:glyoxylate aminotransferase
(AGT), resulting in systemic elevation of oxalate and accumulation of calcium oxalate precipitates in
the kidney and other organs. This disease is considered a suitable target for liver-directed gene therapy,
since there is clinical evidence that liver transplantation (combined with kidney transplantation in
most cases) is therapeutic [142]. However, initial preclinical studies indicated that a high percentage
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of hepatocytes should be transduced in order to obtain a therapeutic effect. In a mouse model of
PH1, a HC-AdV expressing AGT under the control of the liver-specific PEPCK promoter showed a
dose-dependent reduction of oxalate in serum [143]. Normal values were only obtained when at least
80% of hepatocytes expressed the transgene (at a dose of 5 x 10'? vp/Kg of vector), suggesting that
PH1 is still a challenge for current gene therapy technologies.

An equivalent vector was employed for the treatment of carbamoyl phosphate synthetase 1
deficiency (CPS1D). HC-AdVs are especially indicated for the treatment of this urea cycle disorder,
since the size of the CPS1 cDNA (4.5 Kb) makes it difficult to design efficient AAV vectors. In this case
a high dose (5 x 10'2 vg/Kg) was also needed for full protection from hyperammonemia in a mouse
model [144]. Apart from this, clinical implementation of this approach is further complicated by the
need to transduce the immature and rapidly growing liver of newborns. Indirect preclinical evidences
generated in a hemophilia A mouse model suggest that HC-AdVs could be efficiently re-administered
after a first neonatal dose [122], but this possibility needs confirmation in other animals and in humans.

For diseases requiring high levels of transgene expression, optimization of delivery routes and
expression cassettes is crucial, as demonstrated for Crigler-Najjar syndrome type I in the Gunn rat
model. The therapeutic dose of a HC-AdV encoding Uridine diphospho-glucuronyl transferase 1A1
(UGT1A1) was reduced from 3 x 102 vp/Kg to 5 x 10'° vp/Kg when an enhancer from the ApoE gene
was located in the 3'UTR of the transgene, and the vector was delivered by hydrodynamic injection [52].
Clinically compatible methods for enhanced liver transduction are being developed [145].

In acute intermittent porphyria (AIP), mutations in one copy of the porphobilinogen deaminase
gene (PBGD) cause a reduction in the expression of the enzyme, which is involved in the heme synthesis
pathway. Patients suffer attacks of severe abdominal pain and neurovisceral disturbances, which can
be life-threatening and provoke progressive irreversible neuropathy [146]. Intravenous administration
of a HC-AdV encoding human PBGD under the control of a potent liver-specific promoter (albumin
enhancer linked to «1 anti-trypsin promoter) achieved correction of neurotoxic intermediate metabolites
in a mouse AIP model [147]. Direct intra-hepatic injection obtained the same effect with a 7.5-fold
reduction in the vector dose (2 x 10" vp/Kg). However, experiments performed in macaques
(Macaca fascicularis) showed that sustained expression of PBGD and persistence of vector genomes in
the liver required intense immunosuppression [83]. It is not clear if this discrepancy versus previous
studies using other HC-AdVs in baboons [22,58] is due to the transgene or the different NHP used.

For lysosomal storage disorders (LSD), transduced hepatocytes can become a stable source
of therapeutic enzymes secreted into circulation and internalized by target cells through the
mannose-6-phosphate receptor [148]. This is relevant in cases such as Pompe disease (defect of acid
a-glucosidase, GAA), in which accumulation of glycogen in skeletal muscles, hearth and diaphragm
plays a major role in the clinical manifestations. In fact, a HC-AdV expressing GAA under the control
of liver-specific sequences (PEPCK promoter plus ApoE enhancer) achieved long-term correction
of glycogen content in skeletal muscles [149]. Importantly, GAA levels in circulation and enzyme
uptake in muscles were recapitulated in baboons using the balloon catheter occlusion technique
(1 x 10'2 vg/Kg) [150]. However, it is possible that simultaneous gene transfer to the brain is required
to address all clinical manifestations of Pompe diseases, since there is evidence for accumulation of
glycogen in the central nervous system (CNS), and the brain blood barrier (BBB) limits the access of
GAA from circulation [151].

6.1.2. Gene Supplementation for Neurological Diseases

The attributes of HC-AdVs, namely the stability of transgene expression and the reduced
immunogenicity are particularly important when they are applied in the CNS. In addition, high cloning
capacity is often required to allocate large transgenes (such as ion channels), combinations of genes
(such as biosynthetic pathways for dopamine production in Parkinson’s disease) or complex regulatory
regions to restrict expression to specific cell populations. Parenchymal administration of HC-AdV
in rodents (up to 2 X 10° vp) was well-tolerated and avoided the generation of NAbs [152-155].
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After intrathecal administration in rodents and NHP, none or negligible local immune reaction or
systemic toxicity have been observed [101,152,156]. Several studies have carried out a complete
neuropathological and cell immune infiltration analysis after vector intracranial administration,
showing no long-term major changes apart from those associated to the needle tract [153,155]. No signs
of inflammation or toxicity were found in peripheral organs such us liver or kidneys (evaluating both
histology and enzymatic activity). Haematological and serum biochemical analysis were normal,
in contrast with the systemic administration of vectors. No abnormalities were observed in behavioral
testing, and animal growth curves were not affected after treatment [153,154]. However, changes in
the transcriptome of human midbrain neuroprogenitor cells (hmNPCs) have been observed after
infection with HC-AdVs [157]. In general, mild enrichment score was obtained for four main functional
gene categories: (1) Cell cycle or DNA damage response, many of them implied in anti-apoptotic
functions; (2) trafficking and neuronal remodelling; (3) immune-response; and (4) biochemistry and
metabolism. A stronger enrichment was observed in genes implicated in nervous system development
2 h after infection, and in cellular assembly and organization 5 days post-infection. At the same
time, a widespread downregulation of genes involved in neuronal development and cell assembly
was observed after HC-AdV infection in concordance with previous reports [158]. It is interesting
to note that HC-AdV induced slightly minor transcriptome alterations than CAV-2 or lentiviral
vectors (495 transcripts modulated vs 592 and 728, respectively) and a weaker immune response,
although it could be due to a lower transduction rate [157]. It is worthy to mention that the safety
of HC-AdVs can be improved by implementing drug-inducible methods to control expression of
transgenes, such as the Tet-on transactivation system. Importantly, the FDA has already approved
an administration regimen of doxycycline for this purpose [154]. Controlling the amount and
duration of transgene expression can be especially important in the brain, where chronic alteration
of proteostasis may lead to neurodegeneration. Gene transfer into the CNS can offer advantages too,
since intracerebral administration of HC-AdVs confers partial protection from pre-existing systemic
anti-Ad immunity [62,64,159-164], reducing one of the major drawbacks of AdV vectors in humans.
The route of administration plays a crucial role in the safety and efficacy of these vectors in the
brain. While a careful intraparenchymal administration elicits negligible systemic cellular or humoral
responses, other routes such as intraventricular, meningeal or choroid plexus administration can elicit
systemic immune responses [165-169].

As previously mentioned, vectors derived from CAV-2 are especially suited for neuronal
transduction and axonal transport, owing to their peculiar docking and intracellular trafficking
system [114,170-172]. Since a recent review on this subject is available, we will not expand it
here [116]. A CAV-2-derived HC-AdV vector encoding the lysosomal enzyme (3-glucuronidase
was able to improve the neurological status in a mouse model of mucopolysaccharidosis type VII
(MPSVII) [115], in which the systemically administered enzyme cannot cross the BBB. Although some
discrepancies exist about the percentage of cell populations infected by human HC-AdVs, it is
known that they can infect not only astrocytes but also neurons, microglia, oligodendrocytes,
and ependymal cells [64,155]. CAR expression is thought to be mainly restricted to neurons in
adult mice, Microcebus murinus brains and humans [171,173-175], although it has been also detected in
astrocytes and astrocytic precursors, microglia, choroid plexus, retinal cells [176-179], and in germinal
zones of rodent brains [172,174,178,180,181]. In neurons, CAR can be detected in axons, dendrites,
and somas, and in the presynaptic fraction of synaptosome-enriched extracts obtained from adult
mouse, Micronebus murinus, and human brains [174]. However, it should be taken into account that
some studies report little correlation between AdV receptor expression (CAR, integrins or MHCI) and
the HC-AdV transduction efficiency or their biological function [182]. Apart from the natural tropism
of vectors, re-targeting approaches have led to an increment in transduction of specific cell populations
such as the sensory neurons [101,183]. These capsid-modified HC-AdVs showed specificity and efficacy
in a moue model of neuropathic pain. Extrapolation of findings obtained in cell culture and animal
models to the clinical reality should be done with extreme caution, especially in structures with such
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complexity and evolutionary divergence as those forming the CNS. So far, HC-AdVs have not been
administered to human patients in the brain, but clinical trials using OAVs predict good tolerance [184].

Apart from therapeutic applications, HC-AdVs are an excellent tool for neurosciences and
disease modelling in the CNS. They provide an alternative to traditional ablation/injury methods
or chemical labelling of neuronal populations. One example is the TRIO technique that combines
CAV-2, AAV, and rabies virus vectors to map input-output connections allowing to delineate the brain
information trafficking [185]. A moderate retrograde axonal transport of HAdV5 vectors has been
documented, opening the possibility of being used in this type of techniques [113,155,186]. Even if
recently implanted, opto- and chemogenetic techniques are considered already essential since they
elucidate the function of neurons and the circuits in which they are involved. Both technologies often
require the use of Cre knock-in mice [187], but the combination of these techniques with Cre-expressing
viral vectors could increase their resolution to the cellular level. HC-AdV vectors have been used for
modelling inflammation related to neurodegenerative diseases, by overexpression of a mutated form
of leucine-rich repeat kinase 2 (LRRK?2) in mice [188] and NHPs [175]; and for developing a chronic
in vitro model of Huntington’s disease in primary neuronal cultures [189].

Finally, we should be aware that astrocytes could also be targets for gene therapy in neurological
diseases, as they interact with other cell types including neurons, microglia, brain microvascular
endothelial cells, and ependymal cells throughout the brain, contributing to the disease and recovery
processes [190].

6.1.3. Muscle-Directed Gene Supplementation

Although adenoviral transduction in adult skeletal muscle is not as efficient as in liver, HC-Ad Vs offer
the opportunity to deliver the full cDNAs of genes involved in the most frequent muscular dystrophies,
which are often too large to be packaged in other viral vectors. This is the case of dystrophin (14 Kb),
the gene responsible for the devastating Duchenne Muscular Dystrophy (DMD) [191]. A HC-AdV
encoding dystrophin under the control of a strong ubiquitous promoter (CAG) achieved restoration of
dystrophin expression [37]. Improvement of motor performance and survival have been observed in
mouse models of the disease when the vector is injected in different muscle groups [192,193]. Interestingly,
efficient transduction in the diaphragm and subsequent amelioration of respiratory function could be
achieved by intraperitoneal injection of the vector [194]. Transduction of muscle-related cells, including
myoblasts, can be increased by chimeric fibers harboring the HAdV50 shaft and knob [195]. Fiber knob
from HAdAV3 (5/3 chimera) also increases infection of muscles and allows sustained expression of
dystrophin after local administration in mice [196].

6.1.4. Ex-Vivo Gene Supplementation

For diseases in which therapeutic effects can be obtained by secretion of a therapeutic gene into
circulation at moderate levels, the TARGT approach (transduced autologous restorative gene therapy)
has been proposed. Patient’s dermal fibroblasts are isolated, transduced in vitro with HC-AdVs and
implanted subcutaneously. This strategy has been applied for the expression of erythropoietin (Epo) in
end-stage renal failure patients. A phase I-II clinical trial demonstrated the feasibility and safety of this
treatment. Epo was detected in circulation, and hemoglobin levels were stabilized for at least 5 months
after a single cell implantation [197]. In addition, TARGT has been described at the preclinical level for
expression of IFN-o [198] and the anti-Her2 monoclonal antibody trastuzumab [199].

6.2. Genome Integration and Gene Editing

Episomal maintenance of vector genomes avoids the risk of insertional mutagenesis, but at the
same time it precludes the use of standard HC-AdVs when the target cell has an active turnover.
Nevertheless, far from being outside the scope of these vectors, HC-AdVs are suitable platforms
for stable modification of this type of cells. One possibility to maintain transgene expression is to
synchronize vector and host genome replication, without the need for integration. As a proof of
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concept, the Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA-1) was expressed from a HC-AdV,
and sequences acting as origins of replication were incorporated (family of repeats from EBV and a
19 Kb fragment from human chromosome 10). The Cre-loxP system was used to circularize the vector
genome in transduced cells. The resulting circular double-stranded DNA molecule was replicated in
the S phase of the cell cycle and segregated in daughter cells, maintaining transgene expression for
several passages [200].

However, most efforts are recently aimed at gene editing or controlled chromosomal integration.
HC-AdVs offer safe and efficient vector/host genome interactions owing to the efficacy of gene delivery
into the nucleus, the extended cloning capacity, the genome stability, and the blunted cellular immune
responses against transduced cells. Random integration can be obtained using piggyBack or Sleeping
beauty (SB) transposon systems [117]. To this end, the expression cassette flanked by cis-acting sequences
and the transposase are usually contained in separate vectors. In the case of SB, efficient integration
requires circularization of DNA. Therefore, a site-specific recombinase is usually expressed together
with the transposase. Random integration and the need of co-delivery are compatible with ex vivo
approaches, in which high rate of co-infection and further characterization/selection of cells are feasible [201].
For in vivo approaches, integration into defined genome sequences is preferred. To this end, HC-AdV can
accommodate site-specific nucleases such as zinc finger nucleases (ZFN), transcription activator-like
effector nucleases (TALEN), and clustered regularly interspaced short palindromic repeats-associated
protein 9 (CRISPR/Cas9) [202,203]. Generation of double strand breaks in the host genome favors
the integration of the therapeutic DNA sequences following the homologous repair (HR) pathways,
especially when the donor DNA is present in the same vector [203]. The deleterious effects of high
nuclease expression in packaging cells can be mitigated by the incorporation of miRNA target sites
into their 3'UTRs [202]. Importantly, DNA templates with large homology arms can be incorporated in
HC-AdYV, which increases the efficacy and specificity of integration. However, the non-homologous end
joining DNA repair process is usually more efficient than the HR, and this can lead to unwanted insertion
and deletions, either in target or off-target regions [203]. Therefore, alternative versions of CRISPR/Cas9
with nickase instead of nuclease activity are being developed [204]. Other approaches use the DNA
binding domains of ZFN, TALEN, and CRISPR/Cas9 systems fused with other polypeptides to obtain
site-specific transcriptional activators or repressors [205,206]. However, they often require persistent
expression of the transcriptional modifier to maintain the effect. In contrast, fusion with base editors can
obtain permanent correction of pathogenic mutations [207]. So far, in vivo application has relied on pairs
of AAVs or non-viral vectors to deliver the 5.2 Kb-long base editor cDNA [207,208], but HC-AdVs are
probably on the way.

One potential drawback for in vivo application of all these strategies is the immunogenicity
of the transgene products, especially those derived from prokaryotes such as TALEN and
CRISPR/Cas9 [209]. Hopefully, when HC-AdVs are used to deliver these genes into rapidly dividing
cells, genome modification will occur rapidly and the expression of the foreign protein will be lost
before cytotoxic immune responses can eliminate the daughter cells, as recently described for vectors
expressing TALENs and CRISPR/Cas9 [210,211]. In any case, avoidance of nucleases and derivatives
would eliminate safety concerns regarding genome integrity and immune reactions. Integration of
genetic material and substitution of genomic regions containing mutations can be carried out by
HR in the absence of nucleases. Since the frequency is low, it requires in vitro enrichment/selection.
HC-AdVs can play a major role in these approaches, because the terminal protein (TP) covalently
attached to both genome ends reduces the frequency of random integrations [212]. Using a vector
carrying fragments of the cystic fibrosis transmembrane conductance (CFTR) locus, infection of
2 X 10° human induced pluripotent stem cells (iPSC) at MOI 350 obtained up to 144 clones harboring
integration of the template DNA after positive selection [213]. In 64% of them the integration occurred
in the target site, 32% had random integrations, and less than 5% presented aberrant integrations,
in which one of the homology arms (interestingly, the right arm) did not recombine with the predicted
genomic sequence. This efficacy is compatible with clinical implementation of ex-vivo gene correction,



Int. J. Mol. Sci. 2020, 21, 3643 16 of 33

especially if strategies for negative selection of unintended events are implemented. In this thorough
study, a direct correlation between the length of the homology arms and the frequency of site-specific
integrations has been reported. Starting from the highest frequency when each homology arm was
11.9 Kb in length, they observed a 30% reduction when one of the arms was 9.5 Kb, and a further
50% reduction with a 5.3 Kb-long arm. Nevertheless, selection of corrected clones was feasible even
when the length of the smaller homology arm was 1.3 Kb. These requirements could be influenced
by the characteristics of the target region and the genetic defects to be corrected. In a previous study
performed in mouse embryonic stem cells (ESC), the minimum homology size to obtain meaningful
HR frequencies was 6 Kb, probably because the cells harbored a relatively large insertion (1.6 Kb)
rather than point mutations [214]. Based on HR, a promising strategy called GeneRide allows the
sustained expression of transgenes under the control of strong endogenous promoters such as the
albumin promoter. To this end, the template DNA for integration consists of the sequence preceding
the stop codon of the endogenous gene, followed by an autoproteolytic 2A sequence and finally the
transgene [215]. Proof of concept for the therapeutic potential of GeneRide has been obtained using
AAV vectors, but its efficacy could be enhanced using larger homology regions delivered by HC-AdVs.

Examples with particular clinical relevance for gene integration/editing approaches are the respiratory
epithelium and the bone marrow (BM). For sustained amelioration of respiratory manifestations in
cystic fibrosis (CF), transduction of basal cells with stem cell properties in the airway epithelium is
mandatory. The optimization of delivery routes (intratracheal aerosolization under bronchoscopic
guidance), coupled with drugs to open intercellular tight junctions (L-o-lysophosphatidylcholine) has
improved the access of HC-AdVs to these cells [216,217]. Once this important barrier has been partially
overcome, efforts are now focused on the maintenance of therapeutic gene expression. Al least in vitro,
a HC-AdV carrying a TALEN and the CFTR cDNA with 4 Kb homology arms achieved a 5% integration
efficiency in the AAVSI locus in patient-derived cells without positive selection [210]. It is unclear at this
moment if this approach could be therapeutic in vivo, but the aforementioned ex-vivo approaches in
iPSCs look very promising [213]. Biallelic correction was demonstrated using improved transgenes for
selection, but it required sequential infection with different HC-AdV targeting each CFTR allele, and a
third step for SB-mediated elimination of the exogenous genes [218].

In the case of BM, the development of HC-AdVs based on HAdV35 has increased the transduction
efficacy in HSCs and the feasibility of gene editing approaches for a wide variety of diseases, as described
in detail in a recent review [219]. Of note, expression of nucleases in these cells could reduce their
repopulation potential. This could be avoided by expressing inhibitory peptides, although it requires
an additional transduction step [220]. For the treatment of (3-globinopathies such as 3-thalasemia and
sickle cell anemia, reactivation of the fetal y-globin gene expression can be therapeutic. To this end,
disruption of the recognition sequence for a repressor in the y-globin gene can be obtained using a
chimeric 5/35++ HC-AdV encoding a CRISPR/Cas9, without the need of HR. An increase in y-globin
expression was observed using a standard ex-vivo approach [221]. More importantly, similar results
were obtained in this study when a modified vector was administrated intravenously, providing the
proof of concept that gene editing is feasible in vivo. Instead of pre-conditioning of the host, HSCs were
mobilized by G-CSF/AMD3100 treatment. Selective advantage of gene-modified cells was obtained
by incorporating the mgmt" 4K transgene, which confers resistance and proliferation stimulus in
response to O°-BG/bis-cloroethyl-nitrosourea (BCNU) treatment. Alternatively, the y-globin gene
has been integrated into the AAVSI locus by co-administration of a pair of HC-AdVs encoding a
CRISPR/Cas9 and the DNA template [222].

The BM can be used as a secretory organ for therapeutic proteins such as coagulation FVIIL In this
case, one vector carried the F8 cDNA together with the mgmt’!#%K selection gene, and another one
expressed the SBx100 transposase to promote integration into the host genome. When these vectors
were administered in vivo, the levels of FVIII in circulation reached 5% normal values in a mouse
model [223]. Although this level is still lower than that obtained after liver-directed gene therapy [119],
permanent transduction of HSCs opens the possibility of local production of therapeutic proteins in
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the CNS through migration of glial precursors. This would avoid the need to cross the BBB in LSD and
other diseases [224].

In some genetic muscular dystrophies such as DMD, early intervention and stable expression of
therapeutic genes in myoblasts is important. Some strategies aimed at dystrophin cDNA integration
consist of hybrid AdV-AAV vectors, in which integration occurs at the AAVSI locus in the presence
of the AAV Rep protein, as demonstrated in vitro [225]. An alternative for in vivo gene editing in
DMD would be the re-setting of reading frames, the alteration of splicing acceptors or the removal
of mutated exons by expression of site-specific nucleases. Proof of concept about the restoration of
dystrophin expression has been generated in muscle cell populations in culture using E1-E2-deleted
AdVs encoding a combination of CRISPR/Cas9 and TALENS [226]. The use of HC-AdV could improve
the in vivo performance of this strategy.

6.3. Cancer

After many disappointing trials, it is clear that current gene therapy technology does not allow
transduction of all the cells in a tumor. However, many immunotherapy approaches can benefit from
the properties of HC-AdVs, especially when the expression of transgenes should be placed under
the control of drug-inducible systems to avoid toxicity, and when a combination of transgenes is
needed. The HC-Ad-TK/TetOn-FIt3L vector encodes the suicide gene thymidine kinase (TK) and the
dendritic cell chemoattractant FMS-like tyrosine kinase 3 ligand (FIt3L) under the control of a tet-on
inducible system [154,164,227]. This vector has demonstrated promising results in rodent models of
glioblastoma. A liver-specific, mifepristone-induced expression system [228] has been used to control
expression of interleukin-12 for the treatment of colorectal cancer hepatic metastases, showing tumor
eradication in synergy with chemotherapy [229]. This vector was safer than an OAV expressing the
same transgene [230]. To further reduce systemic exposure to this toxic cytokine, a fully humanized
mifepristone-inducible system controlled by the ubiquitous elongation factor 1 (EF1a) promoter
was developed [231]. The vector carrying this expression cassette can be administered intratumorally,
maintaining its antitumor effect in pancreatic cancer models. HC-AdVs can also be employed to
express tumor antigens in dendritic cells (DC). The absence of viral genes in the vector preserves
the T-cell stimulating capacity of transduced DCs, obtaining better antitumor effects than FGAdVs
encoding the same antigen [103].

6.4. Vaccination and Therapy against Infectious Diseases

The strong innate immune responses against AdV particles can be exploited for the design of genetic
vaccines. As introduced in the previous sections, some evidences indicate that HC-AdVs outperform
FGAdVs when they express the same antigen. This is in part due to the cell cycle arrest caused by
FGAdVs in DCs [103,232]. In addition, de novo expression of adenoviral genes, which are usually
immunodominant, is detrimental for the generation of multi-specific T-cell responses against the target
antigen. This concept was demonstrated when both types of vectors were used for the expression of
hepatitis B virus small surface antigen (HBsAg) [233], or the merozoite surface protein 1 (MSP-1) from
Plasmodium falciparum for vaccination against malaria [234]. Similar results were observed when vectors
encoded a model antigen ((3-galactosidase) [235]. In this case, the stimulation of both humoral and cellular
immune responses was more efficient with the HC-AdV. Interestingly, ex vivo transduction of DCs instead
of intraperitoneal administration achieved similar results, while anti-adenoviral responses were reduced.
For the clinical translation of these approaches, it should be taken into account the high prevalence of
immunity against certain HAdV types in the adult population, including the prototypic HAdV5. This not
only compromises the efficacy of transgenic antigen expression, but also boosts immune responses against
the adenoviral capsid proteins. In a clinical trial of a HAdV5-based vaccine against HIV, higher risk of
infection was observed in a subgroup of vaccinated patients pre-exposed to HAdV5 [236]. Although the
mechanism is still controversial [237], one hypothesis is that mucosal homing of anti-HAdV5 immune
cells made subjects more susceptible to HIV infection. To overcome these problems, HVs derived from
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other human and animal AdVs can be employed to produce the HC-AdVs [103]. The experience gained
with FGAdVs and replication-competent AdVs, including clinical trials, indicate that HAdV4, HAdV35,
HAdV26, and chimpanzee AdV3, Ad7, AdV63, AdV68, among others, are promising candidates as vector
platforms [238-243]. The current Covid-19 pandemic has boosted the interest on genetic vaccines, and some
human and simian AdV vectors encoding the SARS-Cov-2 spike protein are advanced candidates (https:
//cen.acs.org/pharmaceuticals/vaccines/Adenoviral-vectors-new-COVID-19/98/i19). These approaches are
based on previous experimental vaccines against MERS-CoV [244,245]. Other anti-viral strategies using
HC-AdVs include the controlled expression of cytokines such as IFN« [246] and IL-12 [247] against HCV
and HBYV, respectively. However, evaluation in stringent animal models for both diseases revealed limited
therapeutic effect. Finally, a HC-AdV encoding a CRISPR/Cas9 system with multiple guides against
the hepatitis B genome achieved reduction of HBsAg expression and viral copies in liver-derived cell
lines [248]. Further work should determine the efficacy of this approach in animal models of HBV infection.

7. Conclusions

During the past two decades, a vast number of preclinical studies have demonstrated the ability
of HC-AdVs to transduce relevant target cells in vivo, especially hepatocytes, neurons and endothelial
cells. Stable episomal maintenance of genomes in these cells, resulting in sustained expression of
transgenes, has been demonstrated not only in rodents but also in larger animal models, including NHPs.
Despite clear evidence of therapeutic effect in a large number of disease models, clinical experience with
these vectors is virtually absent. This is in part because translational efforts have been focused in other
vector platforms, such as AAV. When therapeutic cassettes can fit into the 4.5 Kb size constraint of AAVs,
these vectors have shown similar pre-clinical results than HC-AdVs, but they elicit less inflammatory
responses and are easier to produce under GMP conditions. However, the field of HC-AdVs is making
progress in delivery routes, methods to prevent and manage side effects, and protocols for large-scale
production. We believe these vectors will play an important role in the gene therapy arsenal in the
near future. Not only as an alternative to AAVs, but more importantly, covering unmet needs in the
fields of gene editing and the transfer of large sequences.
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AAV Adeno-associated virus

AAVS1 Adeno-associated virus integration site 1
ABCA1 ATP-binding cassette subfamily A member 1
AdV Adenovirus

AGT Alanine:glyoxylate aminotransferase

AIP Acute intermittent porphyria

ALT Alanina aminotrasferasa

BBB Blood brain barrier

BCNU Bis-cloroethyl-nitrosourea

BM Bone marrow

CAR Coxsackie and adenovirus receptor

CAV-2 Canine adenoviral vector type 2

CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance regulator
ChAdV Chimpanzee adenovirus

CNS Central nervous system
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CPS1D Carbamoyl phosphate synthetase 1 deficiency

CR1 complement receptor 1

CRISPR/Cas  Clustered regularly interspaced short palindromic repeats-associated protein 9
DC Dendritic cells

DMD Duchenne muscular dystrophy
EBNA-1 Epstein-Barr nuclear antigen 1

EBV Epstein-Barr virus

EFla Elongation factor 1 alpha

Epo Erythropoietin

ESC Embryonic stem cells

FGAdV First-generation adenoviral vector
FLP Flippase

FIt3L FMS-like tyrosine kinase 2 ligand
FRT Flippase recognition target

GAA Acid alpha-glucosidase

GMP Good manufacturing practices
HAdV Human adenovirus

HBsAg Hepeatitis B virus small surface antigen
HBV Hepatitis B virus

HC-AdV High-Capacity adenoviral vector
HCV Hepatitis C virus

HD-AdV Helper-Dependent adenoviral vector
HDL High-density lipoprotein

hmNPC Human midbrain neuroprogenitor cells
HR Homologous recombination

HSC Hematopoietic stem cells

HSPG Heparan sulphate proteoglycans
HSV Herpes simplex virus

HV Helper virus

HVR5 Hypervariable region V

IFN Interferon

IgM Immunoglobulin M

IL-6 Interleukin 6

iPSC Induced pluripotent stem cells

ITR Inverted terminal repeats

iu Infection units

LDL Low density lipoprotein

LDLR Low density lipoprotein receptor
LRRK2 Leucine-rich repeat kinase 2

LSD Lysosomal storage disorders
MERS-CoV Middle East respiratory syndrome coronavirus
MHCI Major histocompatibility complex class I
MOI Multiplicity of infeciton

MPSVII Mucopolysaccharidosis type VII
MSP-1 Merozoite surface protein 1

NADb Neutralizing antibody

NHP Non-human primates

OAV Oncolytic adenovirus

PBGD Porphobilinogen deaminase

PEI Polyethylene glycol

PEPCK Phosphoenolpyruvate carboxykinase
pfu Plaque forming units

PH1 Primary hyperoxaluria type 1

PRR Pattern recognition receptor

pTP Pre-terminal protein
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SAdV Simian adenovirus

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
SB Sleeping beauty

TALEN Transcription activator-like effector nucleases
TARGT Transduced autologous restorative gene therapy
TLR Toll-like receptor

TNFo Tumor necrosis factor alpha

TP Terminal protein

TRIO Tracing the relationship of inputs and outputs
UGT1A1 Uridine diphospho-glucuronyl transferase 1A1
vg viral genomes

VLDL Very low density lipoprotein

vp viral particles

ZFN Zinc Finger Nucleases
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