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Abstract

Abstract in English

Cholesterol is a multifaceted membrane component particularly enriched in
neurons and it is essential for brain function. In the adult brain, cholesterol is
locally produced by astrocytes and transferred to neurons. Disruption of brain
cholesterol pathways has been linked to several neurological diseases, including
Huntington’s disease (HD). HD is a genetic, neurodegenerative disorder caused
by a CAG expansion in the gene encoding the huntingtin protein leading to
behavioral deficits, synaptic dysfunction, and neuronal loss. Brain cholesterol
biosynthesis and content are reduced in several HD models due to reduced
activity of SREBP2, the transcription factor that regulates cholesterol synthesis.
Abnormalities in brain cholesterol homeostasis are also detectable in HD patients
since 24-hydroxy-cholesterol, a cholesterol catabolite that is brain specific and
able to cross the blood-brain barrier, is progressively reduced in their plasma.
Of note, the delivery of cholesterol to the HD brain via systemic administration of
brain-permeable polymeric nanoparticles (g7-NPs-chol_1.0) or directly into the
striatum using osmotic-minipumps rescued key features of the disease.

Here, to transform these results into a testable therapeutic strategy for humans,
we characterized in vivo second generation g7-NPs (g7-NPs-chol_2.0), with an
enhanced cholesterol loading capacity compared to g7-NPs-chol_1.0, to deliver
the proper amount of cholesterol to the brain without side effects. Furthermore,
we showed that multiple cycles of g7-NPs-chol_2.0 treatments lead to complete
and long-term behavioral amelioration.

Finally, to test the impact of forced SREBP2 expression within HD brain, we used
AAV2/5 to deliver SREBP2 in astrocytes. We found that exogenous SREBP2
stimulates the transcription of cholesterol biosynthesis genes resulting in
restoration of synaptic transmission and rescue of behavioral deficits.

These results suggested that providing exogenous cholesterol or stimulating its
biosynthesis in HD brain has a positive effect on behavioral decline and HD-
related phenotypes, highlighting the translational potential of cholesterol-based
strategies for this tremendous disease.
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Abstract in Italian

Il colesterolo cerebrale, prodotto localmente dagli astrociti, € un componente
essenziale per/l’attivita neuronale. Difetti del metabolismo del colesterolo cerebrale
sono spesso stati collegati a malattie neurologiche, tra cui la Corea di Huntington
(MH), una malattia genetica neurodegenerativa causata dall’espansione del tratto
CAG nel gene che codifica per la proteina Huntingtina. La MH & caratterizzata
da disturbi comportamentali, sinaptici e morte neuronale. La sintesi e, di
conseguenza, i livelli di colesterolo sono ridotti nel cervello di numerosi modelli
animali MH a causa della ridotta attivita di SREBP2, il fattore di trascrizione che
ne regola la sintesi. Anomalie nel metabolismo del colesterolo cerebrale sono
misurabili anche nei pazienti MH.

La somministrazione di colesterolo al cervello di animali MH attraverso
nanoparticelle polimeriche in grado di attraversare la BEE (g7-NPs-chol_1.0)
o direttamente nello striato tramite mini-pompe osmotiche ha portato ad un
miglioramento di una serie di difetti tipici della malattia.

Con I'obiettivo di traslare questi risultati in una strategia terapeutica per 'uomo,
sono state sviluppate nanoparticelle di seconda generazione (g7-NPs-chol_2.0)
in grado di veicolare piu colesterolo rispetto alle g7-NPs-chol_1.0. Tali NPs sono
state testate in vivo per verificarne l'efficacia e I'eventuale presenza di effetti
collaterali. Inoltre, & stato dimostrato che trattamenti ciclici con g7-NPs-chol_2.0
portano ad un completo miglioramento comportamentale a lungo termine.

Infine, per studiare il ruolo di SREBP2 in vivo, abbiamo sovra-espresso questo
fattore trascrizionale negli astrociti per aumentare la sintesi endogena del
colesterolo nello striato di topi MH. L'over-espressione di SREBP2 mediata
da AAV2/5 ha portato ad un aumento significativo della sintesi endogena del
colesterolo cerebrale con conseguente ripristino della trasmissione sinaptica e
recupero dei deficit comportamentali.

Questi risultati suggeriscono che strategie terapeutiche atte a ripristinare
I'omeostasi del colesterolo nel cervello possono migliorare i fenotipi correlati alla
MH.
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An increasing number of studies highlights the importance of cholesterol
homeostasis for brain function. Accordingly, disruption of brain cholesterol
synthesis and/or catabolism has been linked to several neurological disorders,
including Huntington’s disease (HD). In particular, it has been shown that
cholesterol biosynthesis - as judged by the measurement of cholesterol precursors
by means of isotopic dilution mass spectrometry (ID-MS) - is reduced in the brain
of different HD rodent models since pre-symptomatic stages of the disease. As a
consequence, cholesterol content is reduced at later stages of the disease, likely
contributing to impair cognition and synaptic transmission. Interestingly, it has
been shown that the delivery of cholesterol to the brain through brain-permeable
polymeric nanoparticles (g7-NPs-chol_1.0) reversed synaptic alterations and
prevented cognitive defects in R6/2 mice, a transgenic HD mouse model with a
strong and fast-developing phenotype. Moreover, using osmotic-minipumps to
infuse cholesterol directly into the striatum of R6/2 mice, the therapeutic dose
able to rescue synaptic morphology and transmission, revers mutant Huntingtin
aggregation, and prevent both cognitive and motor defects has been identified.

Based on these evidences, the aims of my thesis were to:

1) test in vivo the translational potential of cholesterol delivery to the brain in two
different HD mouse models through second-generation nanoparticles (g7-NPs-
chol_2.0) as a future therapeutic approach in HD;

2) investigate the relevance in vivo of the molecular mechanism underlying
cholesterol dysfunction in HD and the role of cholesterol cross-talk between
astrocytes and neurons in HD mice through viral delivery of the active form of
SREBP2, the transcription factor that activates cholesterol biosynthesis genes.




1. Introduction

1.1 Brain cholesterol in
physiological condition

1.1.1 Cholesterol roles in the brain
Though accounting for only 2% of
body weight, the brain is the most
cholesterol-rich organ, with about 25%
of the whole body’s cholesterol (1, 2).
The amount of cholesterol within the
brain is 15-30 mg/g tissue, whereas
the average in other tissues is 2-3
mg/g (3).

Brain cholesterol is essentially
unesterified (>99.5%) and it is located
in myelin sheaths (>70%) and at the
plasma membranes of astrocytes
and neurons (1, 4). Small amounts of
desmosterol and cholesteryl ester are
also present (5).
Circulating or dietary cholesterol

can not cross the blood-brain
barrier (BBB) (1), so almost all brain
cholesterol depends on endogenous
biosynthesis (6). Although
cholesterol homeostasis is maintained
constant during the entire life by the
equilibrium among de novo synthesis,
storage, removal, and
recycle, the concentration of total
cholesterol varies markedly during
those periods of development when
brain size and degree of myelination
are also rapidly changing. In mice,
the highest synthesis
rate occurs during the first postnatal

weeks, concomitantly with the peak of

brain

transport,

cholesterol
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myelination process. After myelination,

brain cholesterol metabolism is
characterized by a very low turnover,
with estimated half-life of 2—6 months
in rodents and 5 years in humans (6,
7).

Cholesterol plays many fundamental
roles in the CNS: (i) up to 70% of brain
cholesterol
component of cellular membranes
and myelin (1); (i) it is the precursor of
steroid hormones, which are involved
in the modulation of receptor activity

and in the regulation of myelination,

serves as a structural

and growth of axons and dendrites
(8, 9); (iii) it is essential for normal
development by promoting
differentiation  of

brain
synaptogenesis,
dendrites and stability of presynaptic
transmitter release (10, 11, 12); (iv) itis
a structural component of membranes
in neurons and glial cells and it acts
by reducing fluidity,
thus providing a better permeability
barrier, hindering membrane protein
diffusion (13); (v) it is required for
neurotransmitter release (14, 15, 16),

membrane

and for axonal guidance.

For these reasons, cholesterol
to synaptic and

dendritic spine degeneration, failed

depletion leads

neurotransmission, and decreased
synaptic plasticity (17).

Thus, cholesterol homeostasis must
be finely regulated and cholesterol
synthesis and metabolism must be in
equilibrium.




1.1.2 Cholesterol synthesis in the brain
The  pathway
cholesterol synthesis occurs in the
endoplasmic reticulum (ER) and it is
described in Fig. 1.1.

responsible  for

Acetyl-CoA + Acetoacetyl-CoA
l HMGCOoA synthase

HMGCoA

l HMGCOA reductase
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Figure 1.1 Cholesterol biosynthetic pathway
Cholesterol biosynthesis occurs through a series
of steps, with the rate-limiting one being catalyzed
by the highly regulated hydroxymethylglutaryl-
coenzyme A reductase (HMGCR).

Isoprenoid intermediates of this pathway serve as
precursors for several lipids involved in electron
transport (heme A, ubiquinone), glycoprotein
synthesis (dolichol) and protein prenylation (FPP,
GGPP). After the production of the key sterol
intermediate lanosterol, the route branches in
the Bloch pathway and the Kandutsch-Russell
pathway, respectively having desmosterol and
7-dehydrocholesterol as cholesterol precursors.

There are two cholesterologenic

pathways in the brain: the Kandutsch-
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Russel cholesterol synthetic pathway,
and the Bloch pathway. In the past, the
two ways were thought to be typical of
neurons and astrocytes respectively
(18, 19). Recently, by using stable
isotope labeling and isotopomer
analysis to trace sterol flux through
the two pathways in mice, it has been
clearly shown that use of the Bloch and
Kandutsch-Russel pathways is highly
variable and depends on tissues (20).
Transcriptional regulation of
cholesterol synthesis depends on the
transcription factors sterol regulatory
element binding proteins (SREBPSs)
(21, 22). In humans, three different
SREBP isoforms were identified:
SREBP1A, SREBP1C and SREBP2.
SREBP1A is constitutively expressed
and it targets all genes containing
sterol response elements (SRE). By
SREBP1C and SREBP2
are responsible for the expression
of genes involved in fatty-acid and
cholesterol metabolism respectively
(23). SREBPs are synthesized as
transcriptionally inactive precursors in

contrast,

the ER. When cholesterol levels are
low, SREBP2 is cleaved by SREBP
cleavage activation protein (SCAP),
leading to SREBP2 activation and
translocation from the ER to the Golgi
apparatus. Within the Golgi, SREBP2
is cleaved by two proteases, site 1
(S1P) and site 2 (S2P), resulting into
an active 68-kDa N-terminal fragment
that moves to the nucleus, binds SRE




in the promoters of target genes and
activates their transcription (3, 22, 24).
When cells do not need to produce
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occur because SREBP2 is retained
in the ER by insulin-induced genes
(INSIG1 and INSIG2) proteins (25)

cholesterol, this process does not (Fig. 1.2).
Golgi
S2p
@
‘:/ sterols
3 SCAP-SREBP

vesicles

/ wtHt

]‘ Nt SREBP

Nucleus

Figure 1.2 SREBP2 pathway

ER

Activation of

- cholesterogenic genes

Schematic representation of how SREBP2 regulates cholesterol production in physiological (black arrows)

and pathological (red arrows) conditions.

From Valenza & Cattaneo, TINS, 2011

The importance of SCAP was confirmed
by evidence of reduced mRNA level
of Srebp2 and SRE-genes,
cholesterol content, brain morphology
changes, gliosis, and impaired synaptic
transmission and cognitive function in
SCAP knockout mice (26). Furthermore,
deletion of SCAP in astrocytes during

reduced

the peak of myelination led to persistent
CNS hypomyelination (27). Finally,
deletion of SCAP in adulthood led to
microcephaly, loss of cholesterol and

fatty acid synthesis, increased uptake
of dietary lipids, progressive motor
defects, dyskinesia, and premature
death (28). The deletion of cholesterol
synthesis by SREBP2 depletion in
astrocytes resulted in a reduction of
Srebp2 transcript level: total brain
cholesterol
10-15%

microcephaly, reduced brain weight,

content was decreased
and mice suffered from

and motor and cognitive abnormalities
(29).
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Schematic representation of brain cholesterol metabolism and cross-talk between neurons and astrocytes.
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1.1.3 Cross-talk between neurons and
astrocytes

Inthe adultbrain, astrocytes synthesize
at least 2- to 3-fold more cholesterol
than neurons (1). The amount of

cholesterol produced by neurons
is enough for the differentiation of
axons and dendrites but not for the
formation of functional synapses.
glial-derived  cholesterol

In fact,




produced by astrocytes is required to
promote axon growth (30), biogenesis
of synaptic vesicles (11, 31), and to
maintain synaptic integrity (16, 32).
Thus, neurons rely on the import of
cholesterol from astrocytes (33), which
is transported via apolipoproteins and
lipids. Astrocytes are the major source
of apolipoprotein E (ApoE) (34), a key
lipoprotein required for extracellular
transport of cholesterol and other lipids
between astrocytes and neurons (35).
Lipidation and secretion of ApoE
are mediated by the ATP-binding
cassette transporters (ABCA1)
(80). The crucial role of ABCA1 was
confirmed using knockout mice: these
mice showed a significant decrease
of ApoE lipidation, with consequent
decline of cholesterol and ApoE
level in brain and cerebrospinal fluid
(CSF) (36, 37) together with cortical
astrogliosis, increased inflammatory
gene expression, altered synaptic
transmission, and
behavior (38).

Once ApoE-lipoproteins are lipidated,
they up taken by the Low-Density
Lipoprotein Receptor-related Protein 1
(LRP1), which is mainly expressed by
neuronal cells (39, 40, 41) (Fig. 1.3).
The ApoE-
lipoproteins and LRP1 leads to
the activation of several signaling

sensomotor

interaction between

pathways that are needed for neuronal
survival and correct activity (30, 42).
Of note, LRP1 removal in neurons led
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to global impairment of cholesterol
homeostasis and neurodegeneration,
highlighting its importance for correct
brain function (32).

1.1.4 Cholesterol elimination from the
brain

Cholesterol
regulated by mechanisms for sterol
excretion from the CNS,

turnover is  finely
including
the 24-hydroxylation of cholesterol to
24S-hydroxycholesterol  (24S-OHC)
by a subset of neurons with very high
metabolic rates (7). This metabolite is
readily secreted from the CNS into the
plasma. The enzyme responsible for
this conversion is called Cholesterol
24-hydroxylase  (CYP46A1) and
it is part of the cytochrome P450
family (43). It is highly expressed in
pyramidal neurons of the hippocampus
and cortex, in Purkinje cells of the
cerebellum, and in hippocampal and
cerebellar interneurons (44). It has
been calculated that the amount of
24S-OHC moving from the brain
into the circulation is around 6-7 mg
per day (7, 45). Once in the blood,
24S-OHC binds to LDL, is taken up by
hepatocytes and finally excreted in bile
salts (46). Whereas in mice 24S-OHC
production has been reported also
human 24S-OHC is
exclusively of cerebral origin (43, 47).

in the liver,
Consequently, this molecule may be
used as a marker for brain cholesterol
homeostasis in humans (18, 48, 49, 50).

12



Furthermore, besides being a
metabolite for cholesterol elimination,
24S-OHC takes part of the cholesterol
cross-talk between neurons and
astrocytes: in fact, 24S-OHC may act,
together with cholesterol precursors
such as desmosterol, as a signaling
molecule that regulates cholesterol
biosynthesis by activating the liver X
receptor (LXRs). Accordingly, neuron-
derived 24S-OHC may signal to
astrocytes the neuronal cholesterol
level and, though interaction with LXR,
it may regulate the expression and the
secretion of ApoE (33, 51).

The close correlation between
cholesterol synthesis and catabolism
was demonstrated using CYP46A1
knockout mice. Accordingly, sterol
export from the brain was dramatically
decreases in these mice (about 64%)
together with a reduction (about 40%)

in cholesterol synthesis (47).

1.2 Brain cholesterol defect in
Huntington’s disease

1.2.1 Huntington’s disease genetics
and clinical manifestation

Huntington’s disease (HD)
is an autosomal dominant
neurodegenerative  disorder  with

an incidence of 5-10 per 100,000
(52). In early stages, the disease is
associated with personality, emotional,
and psychiatric disturbances leading
to cognitive dysfunctions (53). Later
on, motor decline occurs together with

Introduction

progressive dementia and gradual
impairment of attention, learning,
and planning ability (54, 55). Besides
chorea, motordisturbsinclude dystonia,
which comprises progressive motor
disability, involuntary movements, and
rigidity. Patients with advanced HD
may become unable to walk, have
poor food intake and become unable
to care for themselves. Patients also
suffer from non-neurological features,
including weight loss, skeletal-muscle
atrophy, osteoporosis, cardiac failure,
metabolic, and immune disturbances
(56).

The mutation responsible for HD
was identified in 1993: it involved an
abnormal expansion of a polymorphic
(CAG), repeat in the first exon of the
interesting transcript  15/huntingtin
(IT15/HTT) gene, which maps on the
short arm of chromosome 4 in the
locus 4p16.3 (57). The CAG tract
encodes for a polyglutamine (polyQ)
stretch in the NH, terminus of a 348
kDa protein, called Huntingtin (HTT)
(57). The study demonstrated that the
number of CAG repeats in healthy
people varied from 6 to 35, while HD
patients carry expansions of 36 or more
repeats (57, 58). Furthermore, there
are some asymptomatic individuals
with a number of CAG repeats ranging
from 27 to 35 (59, 60): these people
are at risk of transmitting the disease
to their children, due to a phenomenon
known as “genetic anticipation” (61).

13



The length of the expanded CAG tract
and the age of symptoms onset are
inversely correlated (59, 62): the peak
age of adult-onset HD is between 35
and 50 years with death occurring 15-
20 years after onset, but CAG repeat
expansions > 75 lead to juvenile onset
with more prominent impairment (63,
64).

1.2.2 Huntington’s disease

neuropathological features

Concerning neuropathology, the most
affected brain areain HD is the striatum
(65) but cortex and other brain regions
are compromised in late stages of the
disease and in more severe cases.
Neurodegeneration occurs years
before the appearance of symptoms
(66). The most affected neuronal
population in HD is composed by
striatal GABAergic medium-sized spiny
neurons (MSNs) (67). This peculiar
feature has been used to classify HD
patients into five different severity
grades (0—4). Patients in Grade 0 do
not show neurodegeneration. Grade 1
is characterized by atrophy, neuronal
loss, and astrogliosis, which consists
in abnormal changes in the number
and the morphology of astrocytes.
Grades 2 and 3 comprise patients with
progressive severe striatal atrophy.
Grade 4 includes the most severe
HD cases with striatal atrophy and
neuronal loss of about 95% (67, 68,

69).
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Immunohistochemical studies
revealed differential loss of striatal
projection neurons in HD (70). There
are two major pathways, a direct
(excitatory) and an indirect (inhibitory)
one, that are used to describe the
interaction glutamatergic
and dopaminergic neurotransmission
in the striatum. According to this

model, the overall effect of the direct

between

pathway is to stimulate the cortex. The
cortex provides excitatory input to the
striatum. Striatal MSNs are inhibitory
GABAergic neurons and their axons
project to the internal globus pallidus
(GPi) and to the substantia nigra
reticulata (SNR). From here, MSNs
project to the thalamus, from where
excitatory pathways return to the
cortex to synapse with the neurons
of the corticospinal and corticobulbar
tract to affect the planning of the
movement.

On the contrary, the overall effect of
the indirect pathway is the inhibition
of the cortex. Inhibitory neurons from
the striatum synapse with the external
segment of the globus pallidus
(GPe). Here, GPe inhibitory neurons
project to the subthalamus (STN),
which sends excitatory projections
back to the GPi and SNR leading to
thalamus inhibition. The final result
of this pathways is a decreased
activity of the cortical motor neurons,
and consequential
locomotor

suppression of
activity and movement.

14



The balanced activity between direct
and indirect pathway is modulated by
dopamine. Accordingly, in addition to
their distinct projections, MSNs of the
direct and indirect pathway expresses
different dopamine (DA) receptors.
DRD1 DA receptors are expressed by
direct pathway MSNs, whereas DRD2
receptors are expressed by indirect
pathway MSNs (71, 72).

Since MSNs are the most affected
cells in HD, both direct and indirect
pathways are involved. Degeneration
occurs firstly in the indirect pathway
MSNSs, leading to motor dysfunction.
In fact, DRD2 neurons become less
effective in inhibiting the thalamus.
Thus, the direct pathway results to
be more active than the indirect one
leading to an excessive activation of
motor programs causing excessive
un-normal movements such as chorea
(73, 74). In late stages of the disease,
also MSNs of the direct pathway are
involved, leading to dystonia (75). In
fact, degeneration occurs in DRD1
inhibitory neurons, leading to thalamus
inhibition and impairment in cortex
excitation (76).

Beside neurodegeneration, an
additional neuropathological feature
of HD is the reactive gliosis, especially
in the dorsal striatum (68). Gliosis
occurs as a response to all forms of
CNS injury or disease and involves the
proliferation or hypertrophy of several
types of glial cells.

Introduction

Another hallmark that characterizes
HD consists in the accumulation of
pathogenic N-terminal fragments of
HTT, which arise from proteolysis
and aberrant splicing of mutant HTT
(muHTT) (77) leading to intracellular
aggregates (78). Soluble monomeric
and oligomeric forms of muHTT have
been supposed to be the more toxic
species of aggregates in HD (79, 80,
81), while other forms of aggregates
seem to be even protective, supporting
the hypothesis thatmuHTT aggregates
are an attempt of the cells to sequester
toxic soluble fragments (77, 82, 83,
84, 85).

1.2.3 Huntingtin (HTT) gain and loss
of function

HTT is expressed ubiquitously in
humans and rodents, but reaches the
highest expression level in the brain,
including neuronal and striatal cells
(86, 87). Due to its high molecular
weight it has always been difficult to
elucidate its structure using crystals
but full-length human HTT structure
has been revealed using cryo-electron
microscopy (88). The study has shown
that HTT has an a-helical structure
with three major domains: the amino-
(N-HEAT),
the majority of HTT interactor bind,

terminal domain where

and the carboxy-terminal domain
(C-HEAT) connected by a bridge
domain. HTT N-HEAT domain and
HTT C-HEAT domain accommodates
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multiple HEAT (Huntingtin, elongation
factor 3, protein phosphatase 2A and
lipid kinase TOR) repeats organized
in a solenoid fashion, while the bridge
domain carries different types of
tandem repeats (88).

The pathogenesis of HD can be
attributed to both the loss of normal
HTT function and the gain of new toxic
functions by muHTT due to the CAG
tract elongation and morphological
changes (89).

Here are some of the most important
functions of HTT: (i) it is essential for
embryonic development (90, 91, 92)
and for the correct assembly of the
architectural structure of cortex and
striatum (93, 94); (ii) it plays a critical
role in brain maturation, especially
in  establishing and maintaining
cortical and striatal neuronal identity
(95); (iii) it has an anti-apoptotic and
pro-survival role by
formation of a functional apoptosome
complex leading to the activation of
caspase-3 and caspase-9 (96, 97); (iv)
it is required for the correct formation

impairing the

of cortical and striatal excitatory
synapses (98) and it associates with
vesicles in the presynaptic terminal
(86); (v) it regulates the transcription
of several genes. Accordingly, HTT
recruits and sequesters the repressor
element-1 transcription factor/neuron
restrictive silencer factor (REST/
NRSF) in the cytoplasm, thus the

co-repressor complex does not form
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at the NRSE sites and neuronal
genes leading to the transcription
of numerous neuronal genes, which
include brain derived neurotrophic
factor (BDNF), a cortical neurotrophin
that is particularly important for the
survival of striatal neurons and the
activity of cortico-striatal synapses
(99). When muHTT is present, this
mechanism is impaired. Thus, BDNF
loss may partially account for selective
vulnerability of striatal neurons in HD
(100). Besides BDNF production,
HTT is also involved in BDNF vesicle
trafficking along microtubules, through
its interaction with the molecular
motors dynein/dynactin and kinesin
(101, 102, 103).

As mentioned above, many pathogenic
mechanisms have been identified
in HD including proteolysis and
aggregation of muHTT (67, 104, 105),
mitochondrial dysfunction (106, 107,
108), impaired protein degradation
pathways (109, 110), and reduction of
striatal BDNF (99, 102, 111). Moreover,
polyQ expansion interferes with the
ability of HTT to directly interact
with postsynaptic density protein 95
(PSD95), a scaffolding protein that
binds NMDA and kainate receptors,
leading to NMDARs-mediated
excitotoxicity (112). Two are the major
mechanism that describe the aberrant
activity of NMDA receptors: (i) changes
in NMDA receptors protein level or
subunits have been measured in HD
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mice (113, 114, 115, 116); (ii) muHTT
causes also the over activation (117)
and the trafficking impairment of
NMDA receptors (118, 119). Among its
various role, the mutated protein is also
involved in aberrant immune activation
resulting in neuroinflammation (120)
and cell-to-cell prion-like transmission
of muHTT (121). In astrocytes, the
presence of muHTT impairs glial
glutamate (122, 123), potassium (124),
calcium (125), and cholesterol (24)
homeostasis leading to excitotoxicity
and other dysfunctions that may
contribute to HD pathogenesis.

All  the
represent potential therapeutic target
for HD treatment but, up to date, there
are no effective disease-modifying
drugs and the current pharmacological

described  dysfunctions
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treatment available for HD patients is
only palliative, aimed at improving
function and quality of life for people
with HD, though some clinical trials
are ongoing (126, 127, 128). Thanks
to rapid advances in gene-modifying
technology, lowering muHTT level is
among the most promising strategy
for developing disease-modifying
treatments for HD. These strategies
rely on zinc finger motif proteins
to block messenger RNA (mRNA)
transcription and synthesis, antisense
oligonucleotides (ASOs) to avoid
post-transcriptional processing and
increase MRNAdegradation, and small
interfering RNA (siRNA) to hamper
mRNA translation. Clinical trials based
on these strategies are summarized in
Table 1.1.

Registration ID Intervention Mechanism of action

Main outcome

Study design Estimated Enrolment

Safety, Tolerability,
Pharmacokinetics, and
Pharmacodynamics. Completed;
NCT02519036 |[IONIS-HTTRx (or RG6042) |Allele-non selective ASO [showed a dose-dependent
reduction in CSF levels of mutant
HTT; no serious adverse events
were reported.

Randomized, Double-blind, Placebo-
controlled study with 5 doses (10, 30,
60,90, 120 mg) intratechally
administered every 4 or 8 weeks in
patients with early manifest HD
(Phase 1/2a).

46

Pharmacokinetics and
NCT04000594 |IONIS-HTTRx (or RG6042) |Allele-non selective ASO |Pharmacodynamics in CSF and |intratechally administered every 4 20
Plasma, Safety and Tolerability |weeks in patients with manifest HD

Non-Randomized, Placebo-
controlled study with 3 doses

(Phase 1)

NCT03761849 [IONIS-HTTRx (or RG6042) |Allele-non selective ASO |Efficacy and Safety at 101 weeks |1 dose (120 mg) intratechally 909

Randomized, Multicenter, Double-
Blind, Placebo-Controlled study with

administered every 8 or 16 weeks in
patients with manifest HD (Phase 3)

NCT03842969 |[IONIS-HTTRx (or RG6042) |Allele-non selective ASO

Long-Term Safety and
Tolerability up to 5 years

Randomized study with 1 dose (120
mg) intratechally administered every
8 or 16 weeks in patients in
participants who have completed 1050
other IONIS studies in the
development program for RG6042
(Phase 3)

NCT03225833 |WVE-120101 Stereopure ASO

120 day

Safety and Tolerability at 1 and

Randomized, Double-Blind, Placebo-
Controlled study with 5 doses
intratechally administered in patients
with early manifest HD carrying a
targeted SNP rs362307. (Phase
1b/2a)

60

NCT03225846 (WVE-120102 Stereopure ASO

120 day

Safety and Tolerability at 1 and

Randomized, Multicenter, Double-
Blind, Placebo-Controlled study with
5 doses intratechally administered in 50
patients with early manifest HD
carrying a targeted SNP rs362331.
(Phase 1b/2a)

Table 1.1 Clinical trials for Huntington’s disease

List of the ongoing clinical trials for Huntington’s disease.
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Of note, a randomized double-blinded
phase 1/2a study (NCT02519036) was
conducted in 46 HD patients with early-
stage disease. Participants received
escalating doses (10, 30, 60, 90, or
120mgq) of intrathecally administered
IONIS-HTT,,, an ASO designed to
inhibit Htt mRNA (both wild-type and
mutant) or placebo (ACSF). Overall,
HTT, was well tolerated and treatment
resulted in significant dose-dependent
reduction of muHTT in CSF (129).

Based on these promising results,
there are three ongoing clinical trials
with  IONIS-HTT_,  (NCT04000594;
NCT03761849; NCT03842969),
including a randomized, multicenter,
double-blind,
phase 3 study aimed at evaluating the
efficacy and the safety of intrathecally
administered IONIS-HTT__in manifest
HD patients. Furthermore, two phase
1b/2a clinical studies (NCT03225833;
NCT03225846) are
investigating the safety of single and

placebo-controlled

currently

multiple doses of two ASO that are
specific for muHtt mRNA through
recognition of two specific single
nucleotide polymorphisms (SNPs) in
early HD patients.

1.2.4 Cholesterol dysfunction in
Huntington’s disease: evidences in
mouse models

Brain cholesterol homeostasis
is affected in different chronic
neurodegenerative disorders,
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including HD. The first evidence of
brain cholesterol dysfunction in HD
emerged from a microarray study
performed in 2002 on striatal-derived
cells expressing the
548-amino-acid portion of either wild-
type or muHTT in an inducible way.
In this cellular model of HD, many
genes involved in the biosynthesis
of cholesterol and fatty acids were

N-terminal

down-regulating

expression (130).
The first in vivo confirmation come in
2005: a study performed in R6/2 mice,
a transgenic HD animal model over-
expressing human muHTT exon 1
with around 150 CAG (131), confirmed
the transcriptional

following muHTT

deregulation of
cholesterogenic genes (Hmgcr, Dhcr7
and Cyp51) within mice striatum and
cortex. Moreover, the study highlighted
a significant decrease in brain sterol
content (132).

These results were confirmedin several
HD rodent models: reduced activity
of HMGCoAR, the
enzyme of cholesterol biosynthesis
pathway, together with reduced level of
cholesterol precursors, were observed
in R6/2 mice (133), YAC128 mice
(134, 135), YAC46 and YAC72 mice
(136), heterozygous (HdhQ7/111) and
homozygous (HdhQ111/111) knock-in
mice and transgenic HD rats (137).

rate-controlling

Decreased content of the total amount
of cholesterol was measured by gas
chromatography-mass spectrometry
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(GC-MS) in all the animal models
tested so far but only at later time
points, when HD symptoms are evident
(134, 135, 138).

Other
models described brain cholesterol
accumulation (139, 140, 141). This
discrepancy was due to the low
sensitive and non-specific, colorimetric
and enzymatic, methods used for

studies in these animal

cholesterol content detection, instead
of more reliable analytical method such
as GC-MS (142). Moreover, these
measurements were performed in
samples not prepared in an appropriate
manner, such as lipid extracts of brain
tissues from mice not perfused with
saline (139), which avoid blood derived
cholesterol contamination.

To demonstrated  further  that
the primary defect of decreased
cholesterol content in the HD brain
is its decreased synthesis, a study
in heterozygous knock-in Q175 mice
(143) was performed to quantify the
rate of de novo brain cholesterol
biosynthesis, by heavy water (2H,0)
labeling method. From early stages
of the disease (5 weeks of age), prior
to motor defects, the striatal daily
rate of cholesterol synthesis was
found significantly reduced, whereas
cholesterol content was found
decreased in the same region only in
presence of manifest symptoms (at
54 weeks of age) (138). Additionally,

isotopic-dilution mass spectrometry
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(ID-MS) analysis revealed an inverse
correlation between lathosterol level,
the direct precursor of cholesterol,
and the CAG size in an allelic series of
knock-in mice (Q7, Q20, Q80, Q111,
Q175), at symptomatic stages (138).

At late stages of the disease,
as consequence of the primary
cholesterol biosynthesis dysfunction,
also cholesterol catabolism is altered
in HD brain. Accordingly, decreased
level of 24S-OHC was measured in
brain and plasma of rodent HD models
(134, 135). Recently, over-expression
of CYP46A1, the enzyme catalysing
the conversion of cholesterol into
24S-OHC, was used to modulate
cholesterol catabolism in HD mice.
These studies based on
evidences showing reduced level of
CYP46A1 in the striatum of both R6/2
and Q175 mice (141, 144). Accordingly,
knock-down of CYP46A1 in wild-type
mice induced an HD-like phenotype,
including motor deficits. In these works,

the over-expression of CYP46A1 via

were

adeno-associated virus delivery into
the striatal neurons of R6/2 and Q175
mice delayed the progression of motor
deficits and decreased the number
of muHTT aggregates (141, 144). Of
note, in both R6/2 and Q175 mice,
this strategy led to an increase of
mRNAs encoding for cholesterogenic
Cypb1, Dhcr24,
Dhcr7) together with increased level of
cholesterol precursors, suggesting that

enzymes (Hmgcr,
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the primary defect of brain cholesterol
biosynthesis is restored by CYP46A1
delivery (141, 144).

1.2.5 Cholesterol dysfunction in
Huntington’s disease: evidences in
patients

Brain cholesterol dysfunction can
be detected also in HD patients.
First evidences come from studies
performed on post-mortem caudate
specimens from HD patients and on
patients-derived fibroblasts: these
studies highlighted reduced expression
related to
synthesis, compared to controls (132).

Additional evidence from fasted HD

of genes cholesterol

patients revealed that total plasma
cholesterol level declined according
to disease progression (145). A recent
study confirmed these findings in both
pre-manifest and manifest fasted HD
subjects (146).

Furthermore, cholesterol precursors,
lanosterol, and lathosterol were found
to be lower in plasma from fasted HD
patients respect to controls, at any
disease stage (145).

Regarding
reduced

cholesterol catabolism,
of 24S-OHC was
measured in plasma of HD patients

(145, 147) and in pre-symptomatic HD

level

patients who are close to the onset
of the disease (49). The progressive
decrease of plasma24S-OHC from pre-
manifesting individuals to HD patients
was found to be proportional to the
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degree of caudate atrophy and striatal
volumes reduction measured by MRI
(49, 147) and to the motor impairment
in HD patients (147). Moreover,
24S-OHC was proposed to reflect the
number of metabolically active neurons
located in the grey matter of the brain
(48, 148). Longitudinal studies are
ongoing to validate the prognostic
value of plasmatic level 24S-OHC
as a biomarker in HD. Furthermore,
cholesterol metabolite 27-OHC, which
is of peripheral origin, is lowerin plasma
from HD patients respect to controls,
at any disease stage (145). Recently,
also the expression of CYP46A1 was
found reduced in the putamen of grade
2/3 HD patients (141).

These data suggest that whole body
cholesterol homeostasis is disturbed
in HD patients: defects in cholesterol
synthesis, indirectly measured by
reduced of 24S-OHC, are
already present at pre-symptomatic
stages of the disease, while defects in
cholesterol metabolism, measured by

level

reduced level of CYP46A1, appears
at later stages as a consequence of
reduces cholesterol synthesis.

1.2.6 The molecular mechanism
underlying cholesterol dysfunction in
Huntington’s disease

One of the possible mechanisms
underlying cholesterol
in HD relies on a reduced activity

of SREBP2, linked to muHTT

dysfunction
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expression.  Accordingly, reduced
nuclear translocation of SREBP2 was
observed in HD cellular models and in
the striatum of R6/2 and YAC128 mice
(132, 149). Furthermore,

activity of SRE was measured in HD

reduced

cellsusingreportergenes(132). Finally,
reduced nuclear level of SREBPs in
both HD cells and mouse brain tissue
was measured (132, 150), suggesting
impaired nuclear translocation of
the cleaved active form of SREBP2.
Supporting this hypothesis,
recently demonstrated that muHTT
binds to the SREBP2/importin [
complex required for nuclear import
and sequesters it in the cytoplasm
(149).

An additional key mechanism involved
in brain cholesterol dysfunction is
the cross-talk between

it was

neurons
and astrocytes. In the adult brain,
neurons rely on cholesterol produced
and secreted by astrocytes but this
process is altered in HD. Accordingly,
the expression of key genes for
cholesterol biosynthesis is reduced
in primary astrocytes cultured from
R6/2 and YAC128 mice compared
to wild-type together with reduced
MRNA level of Abcat and ApoE (135).
Furthermore, in HD mice CSF, ApoE
was associated with smaller lipoprotein
particles (135), suggesting that HD
astrocytes display reduced cholesterol
biosynthesis and efflux (135). To
confirm this dysfunction, a recent study
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highlighted that astrocytes derived
from both neural stem knock-in cells,
carrying increasing CAG repeats, and
from R6/2 mice secrete lower level of
cholesterol bound to ApoE lipoproteins
in the culture medium, leading to a
reduced availability of cholesterol
for HD neurons that in turns affected
neurite outgrowth and synaptic related
properties (150). The work also showed
that glia-conditioned medium (GCM)
from wild-type astrocytes
neurite outgrowth defect in NS-derived
HD neurons, as well as cholesterol

rescued

administration. This beneficial effect
of wild-type GCM was abolished by
silencing ABCA1 or SREBP2 in wild-
type astrocytes (150). On the contrary,
GCM derived from HD astrocytes
fails to support neurite outgrowth in
NS-derived HD neurons. However,
the over-expression of ABCA1 or the
N-terminal active fragment of SREBP2
in HD astrocytes led to increased
synthesis and ApoE/

cholesterol release in the medium. In

cholesterol

accord, GCM from R6/2 astrocytes
over-expressing SREBP2
neurite outgrowth and synaptic defects
in HD neurons (150).

Taken together, these observations
suggested that in HD there is a
reduced ApoE mediated cholesterol
transport and supply from astrocytes
to neurons. Thus, restoring astrocytes-

reverses

neurons cholesterol cross talk could
be a potential therapeutic approach
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to ameliorate neuronal dysfunction for
HD patients.

1.3 Brain cholesterol alterations in
other neurodegenerative diseases
Cholesterol synthesis and metabolism
areaffectedinmanyneurodegenerative
disorders. Besides HD, dysregulation
of brain cholesterol homeostasis has
been linked to Niemann-Pick type C
disease, Smith-Lemli Opitz syndrome,
Alzheimer’s disease, and Parkinson’s
disease.

1.3.1 Cholesterol and Niemann-Pick
type C disease

Niemann-Pick type C (NPC) is an
autosomal, recessive, inherited,
neurovisceral lipid storage disorder
characterized by massive loss of
neurons, motor defects such as delay
in developmental motor milestones,
gait problems, falls, and cognitive
problems including cerebellar ataxia,
and progressive dementia. NPC has
an estimated incidence of 1:120.000
individuals.

The disease is directly related to
impairment in cholesterol metabolism,
since it is caused by mutations in the
genes encoding for the NPC1 (95%
of families) or NPC2 proteins, which
are involved in intracellular cholesterol
trafficking (151) due to unesterified
and glycosphingolipids
sequestration and accumulation within
the endocytic pathway (152).

cholesterol
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Up to date there is no cure for NPC:
the current available therapies for
NPC disease rely on miglustat, a
glucosylceramide synthase inhibitor,
and 2-hydroxypropyl-R-cyclodextrin,
a cyclic oligosaccharide that binds
and enhances the water solubility of
cholesterol (153, 154, 155). Recently,
adeno-associated virus mediated
delivery of functional NPC1 gene in a
mouse model of NPC resulted in robust
NPC1 expression in various tissues,
including brain, leading to Purkinje cell
survival, restored locomotor activity
and coordination, and increased mice
lifespan, suggesting that AAV-based
gene therapy is a promising means to

treat NPC disease (156).

1.3.2 Cholesterol and Smith-Lemli-
Opitz syndrome

Smith-Lemli-Opitz syndrome (SLOS)
is an autosomal recessive sterol
biosynthesis disorder characterized
by multiple congenital malformations
such as cardiac defects, hypospadias,
intellectual

disability. In the most severe cases,

and microcephaly, and

the mutation causes fetal or newborn
death, due to major abnormalities
and multiple organ failure. Estimated
incidence ranges from 1:20.000 to
1:50.000.

SLOSiscausedbymutationsinthegene
encoding for 7-dehydrocholesterol
(DHCRY7),
that catalyzes the final step in the

reductase the enzyme
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cholesterol  biosynthetic

The mutation

pathway.
leads to increased
level of
parallel with a dramatic decrease in
cholesterol amounts within the cells,
plasma and the brain (157, 158).
The developmental abnormalities
observed in SLOS patients might also
be due to reduced activity of the sonic

hedgehog (SHH) linked to alterations

7-dehydrocholesterol in

in cholesterol metabolism (159, 160).
Uptodate, administration of cholesterol
and statins are the most commonly
studied therapeutic approach for
SLOS, even if antioxidants, prenatal
cholesterol  supplementation, and
gene therapy are under investigation

(161).

1.3.3 Cholesterol and Alzheimer’s
disease

Alzheimer’s disease (AD) is a chronic
neurodegenerative disease that leads
to memory loss and cognitive decline.
As the disease worsen, symptoms
include problems with language,
disorientation, mood swings, loss of
motivation, and finally patients became
unable to self-care. The hallmark of
AD is the presence of extracellular
deposits of B-amyloid (AB) plaques
and intracellular neurcfibrillary tangles
that contain hyperphosphorylated tau
proteins leading to neuronal loss (162,
163). Regarding the incidence, cohort
longitudinal studies estimated rates
between 10-15:1.000 persons each
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year for all dementias and 5-8 for AD
(163).

The cause of Alzheimer’s disease is
poorly understood but many genes
are thought to be involved (164). The
best-known genetic risk factor is the
inheritance of the ApoE €4 allele, with
an incidence between 40 and 80% of
people with AD (165), suggesting that
impairment in cholesterol metabolism
has a major role in the development of
AD. This ApoE isoform is involved in
cholesterol transport leading to altered
CNS cholesterol
metabolism, AP aggregation and
clearance in the brain. Together with
ApoE €4 allele, ABCA1, ABCA7 and
APQOJ/CLU, which are involved in lipid
transport, are linked to AD (166, 167):
accordingly, ABCA1 deficiency led to
increased amyloid deposition (168),
while

synaptic function,

its over-expression had the
opposite effect in AD mice (169).
Based on these evidences,
clinical studies with drugs that target
cholesterol metabolism are ongoing as

pre-

a possible therapeutic strategy for AD.
The administration of statins, which
inhibit HMGCR and lower cholesterol
levels, reduced AB formation in AD
mice (170).

Despite these promising
there some conflicting data regarding
cholesterol metabolism in AD: several

results,

studies have shown reduced level of
cholesterol in the hippocampus of AD
patients. /In vitro studies suggested
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that amyloid oligomers may decrease
cholesterol by activating CYP46A1,
inhibiting  ApoE-cholesterol uptake
from astrocytes, modifying lipid rafts,
and inhibiting HMGCR and SREBPs
(166).

1.3.4 Cholesterol and Parkinson’s
disease

Parkinson’s disease (PD) is the
second most common progressive
neurodegenerative disorder after AD.
PD mainly affects the motor system
with symptoms that includes shaking,
rigidity, slowness of movement, and
difficulty with walking. At later stages
non-motor symptoms become common
and patients suffers from dementia and
anxiety, together with sensory, sleep,
and emotional problems (171, 172). PD
is characterized by the accumulation
of Lewy bodies, which are a-synuclein-
immunoreactive inclusions made up of
neurofilament proteins together with
proteins responsible for proteolysis.
Similarly to AD, a low number of PD
cases are caused by mutations in
specific genes, including a-synuclein,
parkin, LRRK2, PINK1, DJ-1, and
ATP13A2 (173).

The first
cholesterol
that
decreased
patients owing to reduced HMGCR
activity  (174).  Accordingly, the
proportion of cholesterol in membrane

study linkihg PD with
metabolism  showed
cholesterol biosynthesis was

in fibroblasts from PD
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lipid rafts appeared to be reduced in
the brain of PD patients and animal
models (175). Some contrasting data
are present in the literature, showing
that high level of brain cholesterol
seems to aggravate PD phenotype
in mice. Indeed, high cholesterol diet
increases brain cholesterol level and
reduction of striatal dopamine with
motor behavioral defects in a mouse
model of PD (176).

Up to date, there are no studies
measuring cholesterol level in the
brain of PD patients (177). Instead,
it has been reported that the level of
24S-OHC, which possibly reflects brain
cholesterol metabolism, is decreased
in their plasma (178, 179). A link
between PD and cholesterol can be
established by the role of cholesterols
for a-synuclein aggregation, as it
seems to mediate the interaction of
oligomeric a-synuclein with the cell
membrane (180). Furthermore, it has
been demonstrated that the process of
a-synuclein fibrilization is accelerated
by elevated level of oxidized cholesterol
metabolites in Lewy body (181).

Since increased cholesterol level was
observed in the brain of a-synuclein
(182), treatments
aimed at reducing cholesterol in the PD
brain may be beneficial. Accordingly,
treatment of cells and mice with methyl-

transgenic mice

B-cyclodextrin, a drug commonly

used to extract cholesterol from

membranes, highlighted decreased

24



level of a-synuclein in membrane
fractions and reduced accumulation of
a-synuclein in neuronal cell body and
in synapses, preventing its aggregation
(183). Of note, it is important to remind
that cyclodextrin represents a rather
harsh treatment that can bind and
redistribute other lipids potentially
affecting other pathways.

On the other hand, statins reduced the
aggregation of a-synuclein in cultured
neurons and in animal models of
synucleinopathies, suggesting again
that high cellular cholesterol could be
at the base of this pathological sign
(184).
Further
pathological mechanisms is needed

assessment of these
because these data were obtained in
cells and animals with normal and not
high cholesterol level. Moreover, the
role of statins on antioxidant and anti-
inflammatory pathways may be taken
into consideration.

1.4 Mouse models of Huntington’s

disease
Since the discovery of the HTT gene,
several HD mouse models that

recapitulate many of the features of the
human disease have been genetically
engineered (185, 186, 187). These
genetic models
significantly to study HD pathogenesis

have contributed

and offer tremendous potential to
evaluate new therapeutics (188, 189,
190, 191).
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The models differ in the methods by
which they were engineered, their CAG
repeat numbers, size and species of
origin (mouse or human) of the HTT
protein, promoters driving the protein
expression, genetic backgrounds, and
disease onset and severity.

Genetic models can be classified into
3 different groups:

- N-terminal transgenic models,
carrying the 5’ portion of the, including
exon 1 that contains the CAG repeat
region;

- full-length transgenic models,
expressing full-length muHTT;

- knock-in models, in which mouse HTT
is substituted by a portion of human
muHTT gene carrying CAG repeats of

varying length into its genomic locus.

1.4.1 R6/2 mice

R6/2 mice express exon 1 from the
5 end of the human HTT gene, with
approximately 150 CAG repeats, under
the control human HTT promoter. This
mouse line was the first transgenic
lines produced (131) and it has been
the most extensively studied and
utilized mouse model of HD up to date.
Since this model was engineered via
pronuclear injection, each transgene
is integrated in a random fashion at a
unique site in the mouse genome. The
CAG tract carried in the transgene is
subject to length instability, therefore
CAG repeat length must be carefully
evaluated in each transgenic animal
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chosen for studies to avoid large CAG
expansion. Accordingly, the phenotype
varies greatly as a function of CAG
repeat size: increasing the CAG repeat
length from 50 to 160 exacerbated the
R6/2 phenotypes, while when the CAG
repeat size exceeds 200, the onset of
HD motor symptoms and pathology
tends to be delayed due to decreased
levels of muHTT (193, 194).

R6/2 mice are characterized by a
very aggressive, rapidly progressing
phenotype, resembling the juvenile
form of HD in humans. They develop
normally, most of the behavioral
symptoms appear around 8-9 weeks
of age and average life expectancy is
around 13-14 weeks.

Behavioral
both motor and cognitive dysfunctions.
Motor symptomsinclude resting tremor,
chorea-like movements, stereotypic
involuntary grooming movements, and
clasping behavior (131, 195). Starting
from 3 weeks of age, mice display
locomotor hyperactivity (196), while

symptoms comprehend

around 8 weeks of age they become
hypoactive (195, 197). From 10 weeks
of age, they suffer from sever epileptic
seizures. In parallel, their body weight
progressively declines and at the end
of their life is approximately 70% less
than their wild-type (131). Cognitive
abnormalities precede the onset of
motor defects (198). At 3.5 weeks
they show impairment in the spatial
learning task as assessed by Morris
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water maze test (198, 199). Starting
from 8 weeks of age, also procedural
memory and long-term memory are
compromised as measured by the
two-choice swim T-maze test (198)
and the novel object recognition test
respectively (200, 201).

Regarding neuropathology, although
litle neuronal loss is seen in these
mice before their premature death
(202), R6/2 mice show robust brain
atrophy, with the striatum most affected
(203, 204). Another neuropathological
sign
aggregates already at birth. They first
appear in the striatum and the cortex

is the presence of muHTT

and progressively increase until late
symptomatic phase in which around
98% of the striatal projection neurons
exhibit muHTT inclusions (204, 205).

Several studies highlighted abnormal
neurotransmission in R6/2 mice at
early stages of the disease, including
increased glutamate release in pre-
symptomatic stage (206). In parallel,
increases in spontaneous GABAergic
synaptic currents and postsynaptic
receptor function occur (207). Finally,
R6/2 mice
deafferentation that continues until

show a progressive

their death, together with loss of pre

and postsynaptic marker proteins
(206).
Taken  together, these severe

alterations make R6/2 mice a very

useful HD mouse model to test

therapeutic strategy for HD in a rapid
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way and obtain preliminary proof-of
concept that must be validated in other
HD models.

1.4.2 zQ175DN mice

As opposed to the N-terminal and
full-length HD transgenic models,
knock-in HD models are generated
homologous
techniques, thus a precise number of

using recombination
CAG repeats are introduced directly
into the mouse Htt gene. Given that the
CAG repeats are carried in the context
of the mouse Hit gene, these mice
best mimic the human condition from
a genetic perspective: as well as HD
patients, these mice are heterozygous
and carry one wild-type Htt allele and
one CAG-expanded allele (64, 100,
208, 209, 210).

The most utilized HD knock-in mouse
model is the zQ175 line. This colony,
carrying around 190 CAG,
from a spontaneous expansion of the
CAG copy number in the CAG 140
knock-in colony (143). As well as R6/2
mice, zQ175 mice show behavioral
including motor and
defects.

arose

abnormalities
cognitive Homozygous
mice showed a stronger phenotype
compared to
Accordingly, their muscular strength
is decreased starting from 8 weeks
of age respectively, as assessed by
grip strength test (143). At 35 weeks
of age, they show impairment in

motor coordination,

heterozygous one.

as measured
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using the rotarod test, while cognitive
decline appears at around 10-12
months of age (143, 211). Regarding
deficits were
measured in the dark phase of the
diurnal cycle from around 4.5 months
of age. Decreased body weight was
observed in both heterozygotes and
homozygotes at late time points (45
weeks of age), along with significantly

heterozygous mice,

reduced survival in the homozygotes
(143).

Regarding neuropathology, muHTT
starts to appear in both striatum
and cortex at around 25 weeks
of age (212). Moreover,
longitudinal structural MRI on whole
brain performed from 3 months to 12

in vivo

months of age revealed significant
atrophy in the striatum and neocortex
at an early age in heterozygous zQ175
mice (212), together with an early and
significant decrease of striatal gene
markers starting from 12 weeks of age
(143, 212).

Neurotransmission is also impaired:
MSNs from zQ175 mice display
a progressive hyperexcitability
compared to wild-type. Furthermore,
excitatory synapses of the striatum
display reduced transmission together
with decreased striatal and cortical
volumes from 3 and 4 months of age
in homo- and heterozygous mice,
respectively (211).

Recently, an zQ175
new knock-in mouse model, called

enhanced
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zQ175DN, has been developed and
characterized. The zQ175 knock-
in allele retains a floxed neomycin
resistance cassette upstream of the
Hit gene locus leading to reduced
muHTT expression compared to the
wild-type allele, leading to a mild HD-
like phenotype. zQ175 were crossed
with mice expressing Cre in germ
line cells to remove the neo cassette.
This resulted in a ~2-fold increase
in muHTT level leading to stronger
HD-like Furthermore,
zQ175DN mice exhibit earlier disease
onset compared to zQ175 mice,
making them valuable for preclinical
studies (213).

phenotypes.

Deregulation in behavioral,
electrophysiological, and
histopathological  features  make

zQ175 mice a valuable model to
study HD-like pathophysiology and to
evaluate the potential of therapeutic
strategies to slow the progression of
disease in a genetic context that is
similar to HD in humans and allows
long-term analysis.

1.5 Cholesterol delivery to the
brain of HD mice

Given the fundamental role of brain
cholesterol for synapses formation and
synaptic transmission, several studies
are ongoing to assess the therapeutic
potential of brain cholesterol delivery to
the brain of HD mice. One of the major
problems arising targeting the brain is
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the presence of the blood-brain-barrier
(BBB). Different strategies have been
developed to overcome this obstacle
and to the deliver cholesterol to the
HD brain.

1.5.1 First generation brain-
permeable nanopatrticles

Recently, nanoparticles
(NPs) modified on their surface to

polymeric

target the BBB has been described
(214).  Accordingly, nanoparticles
were prepared using poly(lactic-co-
glycolic acid) (PLGA), a synthetic
polymer approved by the US Food
and Drug Administration (FDA) and
European Medicine Agency (EMA) for
biomedical devices. PLGA has a very
high biodegradability (215): it enters
into the Krebs cycle and it is degraded
by non-enzymatic hydrolysis leading
to the formation of lactic acid, glycolic
acid, CO, and H,0.

Tocrossthe BBB, NPswere engineered
on their surface with a simil-opioid
glycosylated hepta-peptide,
g7. Characterization
showed that, starting from 4h after a
single intraperitoneal (I.P.) injection
in mice, up to 10% of g7-PLGA-NPs
crossed the BBB via endocytosis and
micropinocytosis and reached the
brain (216, 217, 218, 219). Once in
the brain, g7-PLGA-NPs are able to
release their content, as demonstrated
by loading Loperamide in g7-PLGA-
NPs, an opioid drug that cannot cross

called
experiments
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the BBB. Following its delivery with
g7-PLGA-NPs, animals developed
antinociceptive effects, demonstrating
that the drug reached the brain and
exerted its effect (217).

This system has been recently used
to deliver cholesterol to the brain of a
transgenic mouse model of HD, e.g.
the R6/2 mice. Accordingly, g7-NPs
were loaded with cholesterol (g7-NPs-
chol_1.0) and they were administered
to R6/2 mice starting from a pre-
symptomatic stage of the disease (5
weeks of age) until 10 weeks of age,
with 2 |.P. injections/week, resulting
in around 15 pjg of cholesterol
administered to the brain. This dose
was sufficient to completely prevent
the cognitive decline of HD mice,
while no effect on motor phenotype
were measured (214). Furthermore,
cholesterol rescued synaptic activity
in R6/2 mice:
spontaneous inhibitory postsynaptic
currents (IPSCs), which is known to
be significantly higher in MSNs from

the frequency of

R6/2 mice compared to wild-type, was
significantly reduced by cholesterol
supplementation (214). Furthermore,
cholesterol positively influenced the
protein level of synaptic machinery,
including PSD95 and NMDA receptors,
confirming its fundamental role for
correct synaptic function (214).

Taken together, these data highlighted
the first proof-of-concept that brain
cholesterol metabolism may be
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a therapeutic target for HD and
cholesterol supplementation may be
beneficial.

1.5.2 Osmotic minipumps

To define the most efficacious dose
of cholesterol able to contrast both
cognitive and motor dysfunctionin R6/2
mice, studies using mini-pumps were
performed (for details of my contribution
on this work see the Appendix 6.1.2).
Mini-pumps are devices that can
be attached to a catheter to infuse
directly into the striatum, which is the
most affected area in HD, well-defined
drug doses in a continuous manner
at a constant rate. Three escalating
doses of cholesterol (e.g., 15 pg -
low, 185 ug - medium, and 369 ug -
high) were infused in the striatum of
R6/2 mice for 4 weeks (220). All the
doses completely prevented cognitive
in R6/2 mice,
previous results (214). Importantly, the

decline confirming
highest dose attenuated also disease-
related motor phenotypes, as asses
by the rotarod test and the activity
cage test. Along with behavioral
benefits, the delivery of a high dose of
cholesterol led to morphological and
functional recovery of both excitatory
and inhibitory synapses. Accordingly,
striatal infusion of a high dose of
cholesterol resulted in a significant
increase of the frequency of sEPSCs
in R6/2 chol-high mice together with
a rescue of the number of total and

29



docked synaptic vesicles. Concerning
GABAergic synapses, striatal infusion
of cholesterol led to a significant
reduction of the average frequency
of sIPSCs, bringing this parameter
close to the one observed in wild-type
MSNs and indicating that exogenous

cholesterol reestablishes inhibitory
synaptic transmission. Regarding
structural changes, cholesterol

infusion reduced the increased density
of inhibitory synapses in treated mice
(220).

In addition, striatal infusion of
exogenous
changes in the endogenous sterol
metabolism in HD mice by increasing
level of the brain-specific cholesterol
catabolite 24S-OHC, suggesting that
the excess of cholesterol is catabolized
and eliminated. This process likely
stimulated and enhanced endogenous
cholesterol biosynthesis in glial cells,
restoring the primary cholesterol
defect in HD. At the cellular level,
cholesterol reduced the number and
the size of muHTT aggregates by
reducing lysosome accumulation and
probably restoring normal autophagic

flux (220).

cholesterol induces

Overall, these experiments allowed
to identify the therapeutic dose of
cholesterol to prevent behavioral
abnormalities in R6/2
Furthermore, these data highlighted
that cholesterol exert its beneficial
function by acting on

mice.

several

Introduction

mechanisms, including
the function of

improving

synaptic
circuits, partnering specifically with
cellular proteins and influencing cell
physiology, and restoring the primary
defect of brain cholesterol biosynthesis
in HD mice.

residual

1.5.3 Intranasal delivery
Recently, a non-invasive approach
to deliver cholesterol to the HD brain
has been developed (for details of
my contribution on this work see the
Appendix 6.1.1). The strategy was
based on nose-to-brain delivery
to overcome the BBB. In fact, the
neuroepithelium of the olfactory
region is the only part of the body
where the peripheral environment is
in direct contact with the brain. With
this strategy, the delivery is mediated
by olfactory and trigeminal nerve
pathways that settle drug transport
from the nasal cavity to the CNS by
an extracellular route that does not
require drug binding to any receptor
(221, 222, 223).

Liposomes loaded with
cholesterol  (d6-cholesterol)

developed and delivered via intranasal

labelled

were
administration as a non-invasive
strategy for cholesterol delivery to
the HD brain (224). Liposomes are
spherical vesicles formed by one or
multiple concentric lipid bilayers with
an aqueous solution core. They are
biocompatible and can both entrap
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and protect water-soluble molecules
in their internal water compartment
and hydrophobic drugs into their
membranes (225).

With this delivery system, it has been
demonstrated that, following an acute
treatment, d6-cholesterol accumulates
in the brain of both wild-type and R6/2
mice. Furthermore, by performing
repeated intranasal administration of
liposomes, d6-cholesterol distributed
and accumulated without differences
in striatum, cortex, and cerebellum of
R6/2 mice, giving the basis for further
preclinical studies to evaluate the
therapeutic potential of this approach

to supply cholesterol to the HD brain.

1.5.4 Second generation brain-
permeable nanoparticles

Given that high doses of cholesterol
are needed to obtain full rescue of HD-
related phenotypes, to overcome the
limitation of g7-NPs-chol_1.0 used in
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214 such as low drug-content, hybrid
second generation g7-NPs (herein g7-
NPs-chol_2.0), made of cholesterol
and PLGA were produced (226,
227). These g7-NPs-chol 2.0 were
formulated using nanoprecipitation
(MIX 1) and single emulsion (MIX 2).
Pluronic was used as a surfactant in
g7-NPs-chol_2.0 MIX 1 while PVA
in MIX 2. The maximal
percentage of cholesterol present in
g7-NPs-chol_2.0 MIX 1 and MIX 2 with
respect to PLGA content is 57+5% and
44+2% respectively. Thus, cholesterol
content is at least 40 times higher than
the amount found in g7-NPs-chol_1.0
(214).
This

potentially deliver

was used

improvement  will allow to
an amount of
similar to the most
identified  with
minipumps. Table 1.2 summarizes the
features of g7-NPs-chol 2.0 used in

this work.

cholesterol

efficacious dose

Experiment NPs Concentration (mg/mL) [Z-av (hm)| PDI |Z-pot (mV)| Amount of chol (mg)
cy5-g7-NPs-chol_2.0 MIX 1 59 287 0,230 -22 N/D
Biodistribution cy5-g7-NPs-chol_2.0 MIX 1 7,5 240 0,180 -20 N/D
cy5-g7-NPs-chol_2.0 MIX 2 7,8 234 0,180 -21 N/D
cy5-g7-NPs-chol_2.0 MIX 2 7,0 250 0,130 -21 N/D
Chol release: cy5-g7-NPs-bodipy-chol_2.0 MIX 1 8,5 246 0,210 -18 N/D
qualitative analysis |cy5-g7-NPs-bodipy-chol_2.0 MIX 2 8,8 270 0,160 -19 N/D
g7-NPs-d6-chol_2.0 8,9 230 0,210 -14 33,00
Chol release: g7-NPs-d6-chol_2.0 8,5 225 0,195 -22 29,00
quantitative analysis |g7-NPs-d6-chol_2.0 7.3 203 0,253 -21 22,00
g7-NPs-d6-chol_2.0 9,0 225 0,234 -22 22,00
g7-NPs-chol_1.0 9,0 180 0,050 -22 0,90
g7-NPs-chol_2.0 8,5 255 0,280 -23 35,00
Behavioral analysis in g7-NPs-chol_2.0 8,5 244 0,260 -24 36,00
R6/2 mice g7-NPs-chol_2.0 9,4 240 0,270 -24 35,00
g7-NPs-chol_2.0 9,8 256 0,280 -24 42,00
g7-NPs-chol_2.0 7,7 243 0,260 -29 38,00
g7-NPs-chol_2.0 8,0 255 0,310 -19 34,90
g7-NPs-chol_2.0 8,0 255 0,310 -19 34,90
g7-NPs-chol_2.0 8,0 295 0,350 -21 35,00
Behavioral analysis in g7-NPs-chol_2.0 8,4 225 0,280 -21 35,73
Q175 mice g7-NPs-chol_2.0 9,0 260 0,300 -30 30,00
g7-NPs-chol_2.0 8,7 250 0,280 -35 32,00
g7-NPs-chol_2.0 8,5 240 0,220 -35 30,00
g7-NPs-chol_2.0 8,4 264 0,370 -25 28,00

Table 1.2 NPs used in the study

List of the different NPs formulations used in the study.
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2. Results and Discussion

2.1 g7-NPs-chol_2.0 cross the
blood-brain barrier and reach
different cell types in the brain

As well as g7-NPs-chol_1.0, g7-NPs-
chol_2.0 were designed to cross the
BBB, and previous studies indicated
that about 10% of the injected NPs
modified with the g7 peptide are
estimated to penetrate the brain (216,
217, 218, 219, 228, 229). First of all,
both g7-NPs-chol_2.0 MIX 1 and MIX
2 were tested in 7-week-old wild-type

Results and Discussion

mice (wt, BL6CBAF1/J) to verify that
g7-NPs-chol_2.0 are up taken in vivo
and to study their distribution (n=2
mice/MIX/time point).
To this aim,

immunohistochemical

we  performed
analysis on
the brain and on peripheral tissues
following a single or multiple (n=3)
intraperitoneal (I.P.) injection of g7-
NPs-chol_2.0 MIX 1 or MIX 2 labelled
with cyanine 5 (cy5-g7-NPs-chol_2.0).
Mice were sacrificed at different time
points (4 h, 24 h, 1 week and 2 weeks
after the |.P. injection) to analyze the

localization of the red signals (Fig. 2.1).

g7-NPs-chol_2.0

.mm
&2 chol
’JPepndegﬂ
M~ cys
wt 11P.
= 3 3 Y < > [HC
Time: 0 4h 24h 1w 2w
Tissue collection
wt 11.P. 21.P. 3ILP.
i A s v > [|HC
Time: 0 48h 72h 2w

Tissue collection

Figure 2.1 Characterization of g7-NPs-chol_2.0 distribution in vivo

Experimental paradigm used in the study. Wild type mice (n=2 mice/MIX/time point) were treated with a
single or multiple I.P. injection of g7-NPs-chol_2.0 (MIX 1 or MIX 2) and sacrificed at different time point.
Brain, liver and lung were collected for distribution analysis.
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Figure 2.2 Characterization of g7-NPs-chol_2.0 distribution in vivo following a single I.P. injection
A-B. Representative confocal images of cortex, striatum, hippocampus, lung, and liver slices from wt mice
|.P. injected with g7-NPs-chol_2.0 (MIX 1 in A or MIX 2 in B) and sacrificed after 4h, 24h, 1w, and 2w with
relative quantification.

Hoechst were used to counterstain nuclei (Ho, blue).

Data are expressed as the number of g7-NPs for 1 field of view + SEM.
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4 h after a single I|.P. injection, cy5-
g7-NPs-chol_2.0 were detected in
brain (both in striatum, cortex and
hippocampus) as well as in lung and
liver (Fig. 2.2A and B). Successive
quantification of cy5-g7-NPs-
chol_2.0 revealed that the kinetic of
cy5-g7-NPs-chol_2.0 in
tissues was quite fast, since cy5

peripheral

signal strongly decreased 24 h after
the I.P. injection (Fig. 2.2A and B).
Importantly, NPs were accumulating
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in the brain over time since the cy5
signal was still present 24 h, 1 weeks
and 2 weeks after the |.P. injection
(Fig. 2.2A and B) and more NPs were
detected following multiple injections
(Fig. 2.3). The biodistribution was
similar between cy5-g7-NPs-chol 2.0
MIX 1 and MIX 2 even if cy5-g7-
NPs-chol_2.0 MIX 2 showed higher
aggregation in peripheral tissues. This
was particularly evident after multiple
I.P. injections (Fig. 2.3).
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Figure 2.3 Characterization of g7-NPs-chol_2.0 distribution in vivo following multiple I.P. injections

Representative confocal images of cortex, striatum, hippocampus, lung, and liver slices from wt mice that
received 1 or 3 |P. injection of g7-NPs-chol_2.0 (MIX 1 or MIX 2) and sacrificed after 2w with relative
quantification.
Hoechst were used to counterstain nuclei (Ho, blue).
Data are expressed as the number of g7-NPs for 1 field of view + SEM.

MIX 1

MIX 2

DARPP32 Cy5 Ho GFAP Cy5 Ho

IBA1 Cy5 Ho

Figure 2.4 g7-NPs-chol_2.0 reach
different brain cell types
Representative confocal images of
immunostaining against DARPP32,
GFAP, and IBA1 (green) on coronal
sections of brains isolated from
wt mice I.P. injected with g7-NPs-
chol_2.0 labelled with cy5 (red)
and sacrificed 2 weeks after the
injection. White arrowheads indicate
intracellular g7-NPs.

Hoechst were used to counterstain
nuclei (Ho, blue).

Data are expressed as the number
of g7-NPs for 1 field of view £ SEM.
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High-magnification confocal
indicated the presence of cy5-g7-NPs-

images

chol_2.0 in different neuronal and glial
cell types such as DARPP32 positive
MSNs, GFAP positive astrocytes, and
IBA1 immuno-reactive microglial cells
(Fig. 2.4).

Overall, these results highlighted that
the distribution of g7-NPs-chol_2.0
is similar to that of g7-NPs-chol 1.0
(214).

2.2 Cholesterol is released from g7-
NPs-chol_2.0 in vivo

2.2.1 Qualitative analysis

To track cholesterol delivery and

intracellular release by g7-NPs-
chol 2.0, we performed specific
experiments  using cy5-g7-NPs-

chol_2.0 loaded with the fluorescent
analogue bodipy cholesterol (cy5-g7-
NPs-bodipy-chol_2.0).

g7-NPs-bodipy-chol_2.0
MIX 2

Results and Discussion

Bodipy cholesterol closely resembles
the structure of native cholesterol,
localizes in the membrane’s interior
and is commonly used to study
lipid transport processes as well
as lipid-protein interactions (230).
We  monitored  g7-NPs-chol_2.0
degradation and consequent bodipy
cholesterol release following the red
spots and the green signal respectively.
R6/2 mice, a well-established early
onset transgenic mouse model of
HD (131), were used for this analysis
together with age matched wild-type
littermates. Accordingly, 7-week-old
wild-type and R6/2 mice (n=3 mice/
MIX/time point/genotype) were treated
with a single I|.P. injection of cy5-g7-
NPs-bodipy-chol_2.0 MIX 1 or MIX 2
and sacrificed at different time point
(24 h, 1 week and 2 weeks after the
I.P. injection) (Fig. 2.5).

T

d@@@ L
| # el
HOT Bodipy-cholesterol

1w 2w

Tissue collection

Figure 2.5 Cholesterol release from g7-NPs-chol_2.0: qualitative analysis

Experimental paradigm used in the study. Wild type and R6/2 mice (n=3 mice/genotype/MIX/time point)
were treated with a single I.P. injection of g7-NPs-bodipy-chol_2.0 (MIX 1 or MIX 2) and sacrificed at different
time point. Brain and liver were collected for the analysis.
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Overlap coeff. = 0,738
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Figure 2.6 Cholesterol release from g7-NPs-chol_2.0: qualitative analysis

A-B. Representative confocal image of brain slices from R6/2 mice I.P. injected with g7-NPs-bodipy-chol_2.0
(MIX 1in A or MIX 2 in B) and sacrificed after 24 h or 2 weeks and relative co-localization of bodipy-chol
and g7-NPs.

C. Representative confocal image of liver slices from R6/2 mice I.P. injected with g7-NPs-bodipy-chol_2.0
(MIX 1) and sacrificed after 24h, 1 weeks or 2 weeks and relative co-localization of bodipy-chol and g7-NPs.
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MIX 1

Cy5 Bodipy-chol Ho

With both MIXs, 24 h after a single
[.P. injection of cy5-g7-NPs-bodipy-
chol_2.0, cy5 and bodipy cholesterol
signals co-localized in brain cells as
indicated by the scatterplot of red
and green pixel intensities. However,
successive analysis performed 1 week
and 2 weeks after the |.P. injection
highlighted a
between cy5 and bodipy cholesterol
signals (Fig. 2.6A and B). When
analyzing the liver, we found that the

partial separation

kinetic of cholesterol release was
faster compared to the brain. In fact, we
measured complete overlap of red and
green signal 24 h after the |.P. injection
while 1 week after the I.P. injection all
the cholesterol was released from the
nanoparticles (Fig. 2.6C).

These findings demonstrated that

around 10% of bodipy cholesterol is

Results and Discussion

released from NPs in the brain starting
from 1-2 weeks after the injection, in
parallel with a reduction in cy5 signal,
probably due to NPs degradation.
No differences in cholesterol release
kinetic were found between wild-
type and R6/2 mice, indicating that
cholesterol release does not depend
on mice genotype. Overall, these
data highlighted that the release of
cholesterol from NPs is quite slow. In
particular, around 10% of the injected
NPs reaches the brain (217) and
10% of cholesterol is released from
these NPs in 2 weeks. Even if further
analyses are necessary, we can
speculate that around 20 weeks are
needed to release all the encapsulated
cholesterol.

Since g7-NPs-chol 2.0 MIX 1 and

MIX 2 exhibited similar bio-distribution
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profile and kinetic of cholesterol
release, we decided to use only g7-
NPs-chol_2.0 MIX 1 (from now g7-
NPs-chol_2.0) for this work since
they are produced using Pluronic as
a surfactant, that is approved by FDA,
and they showed less aggregation
compared to g7-NPs-chol_2.0 MIX 2.

2.2.2 Quantitative analysis

To study the kinetic of cholesterol
release and to measure the total
amount of cholesterol delivered, we
performed two specific experiments
using g7-NPs-chol 2.0 loaded with

g7-NPs-d6-chol_2.0
-

& oscrol

AP Peplide g7
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deuterated cholesterol (g7-NPs-d6-

chol_2.0). Accordingly, in the first
experiment 7-week-old R6/2 mice
(n=3 micel/time point) were treated
with a single I.P. injection of g7-NPs-
d6-chol_2.0 and sacrificed at different
time point (30 minutes, 6 h, 24 h, 1 week
and 2 weeks after the |.P. injection)
(Fig. 2.7). Blood, kidney, lung, liver,
cortex, striatum, and cerebellum were
collected to measure the amount of d6-
cholesterol in different tissues using
mass spectrometry in collaboration
with M. Salmona (M. Negri Institute,
Milan).
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Figure 2.7 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

Experimental paradigm used in the study. R6/2 mice were treated with a single I.P. injection of g7-NPs-d6-
chol_2.0 (MIX 1) and sacrificed at different time point. Striatum, cortex, cerebellum, liver, lung, kidney, and
plasma and liver were collected for mass spectrometry analysis (n=3 mice/time point).

Samples were processed using a mild
protocol that allow to measure only the
d6-cholesterol that was released from
g7-NPs-d6-chol_2.0, by preserving
the integrity of NPs. Quantification
revealed that 6 h after the |.P. injection,
g7-NPs-d6-chol_2.0 reached the brain
(striatum, cortex and cerebellum) and,

starting from 24 h-1 week after the
treatment, cholesterol was released
from NPs, confirming the results
obtained with the bodipy-cholesterol
(Fig 2.8). In the liver, cholesterol was
rapidly released 30 minutes after the
[.P. injection and it was degraded over

the time. The kinetic in lung and kidney
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was similar: NPs were detected around
6 h after the I.P. injection, the peak of
cholesterol release occurred 1 week
after the I.P. injection, and then it was
rapidly eliminated. When analyzing
the plasma, the maximum amount of
cholesterol was measured 24 h after

Results and Discussion

Cortex

quantity is not significant compared to
the physiological amount of cholesterol
that is present in the mouse blood
(128 mg/100 mL). Table 2.1 shows the
amount of d6-cholesterol measured
in each tissue at different time points
after a single I.P. injection of g7-NPs-
d6-chol_2.0.
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Figure 2.8 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis
Levels of d6-chol in striatum, cortex, cerebellum, liver, lung, kidney, and plasma measured by LC-MS.

Data are expressed as means + SEM.

40



Results and Discussion

. 30" 6h 24h
Tissue Weight Concentration | Chol amount | Concentration | Cholamount | Concentration | Chol amount
(mg or mL)
(ng/mg) (ng) (ng/mg) (ng) (ng/mg) (ng)
Striatum 60 0,11+ 0,069 6,60 0,38+0,13 22,80 0,45+0,10 27,00
Cortex 200 0,00 + 0,00 0,00 0,24 + 0,06 48,00 0,36 + 0,07 72,00
Cerebellum 100 0,00 + 0,00 0,00 0,25+0,10 25,00 043+0,17 43,00
Liver 3000 35,45+ 15,34 106350,00 15,01+ 6,69 45030,00 7,38+2,34 21990,00
Lung 300 0,53+ 0,32 159,00 3,66 + 0,86 1098,00 6,79 +2,08 1947,00
Kidney 500 1,85+ 1,00 925,00 447+ 242 2235,00 6,30 +4,72 3855,00
Plasma 2 89,73 + 15,36 179,46 711,3+ 117,00 1422,60 893,30 + 300,50 1850,66
) Weight 1w __2w
Tissue Concentration [ Chol amount | Concentration | Chol amount
(mg or mL)
(ng/mg) (ng) (ng/mg) (ng)

Striatum 60 1,18 £ 0,04 70,80 1,71+0,27 102,60

Cortex 200 1,04+0,16 208,00 1,38+ 0,55 276,00

Cerebellum 100 1,17 +0,07 117,00 1,40+ 0,59 140,00

Liver 3000 7,88 +£0,83 23640,00 2,81+1,31 8430,00

Lung 300 11,07 +5,94 3321,00 4,89+442 1467,00

Kidney 500 8,80+0,12 4400,00 5,02 +2,01 2510,00

Plasma 2 616,67 + 136,24 1233,34 317,67 + 176,00 635,34

Table 2.1 Cholesterol release from g7-NPs-chol_2.0:
quantitative analysis following a single I.P. injection
R6/2 mice were I.P. injected with a single dose of hybrid-g7-NPs-chol and sacrificed at different time point.
Concentration of d6-chol in each tissue is expressed in ng/mg (or mL); d6-chol amount is expressed in ng.
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Figure 2.9 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis

Experimental paradigm used in the study. R6/2 mice were treated with g7-NPs-d6-chol_2.0 (MIX 1) from 5
weeks of age to 9 weeks of age with 2 |.P. injection/week and sacrificed 2 weeks after the last I.P. injection.
Striatum, cortex, cerebellum, liver, lung, kidney, and plasma and liver were collected for mass spectrometry

analysis (n=3 mice).

In the second experiment, to measure
the

delivered with the therapeutic regimen

total amount of cholesterol
of interest, R6/2 mice (n=3) were
treated from 5 to 9 weeks of age with

2 |.P. injections/week and sacrificed 2

weeks after the last I.P. injection (Fig.

2.9).
Quantification revealed that the
amount of d6-cholesterol found in

each tissue following 10 I.P. injections

was around 10 times the quantity of
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cholesterol measured 2 weeks after
a single |.P. injections (Fig. 2.10A and
B). Table 2.2 shows the total amount
of d6-cholesterol measured in each
tissue following chronic treatment.
Taken
demonstrated
cholesterol

together, these results
that the kinetic of
release is different

between the brain, the plasma,

and peripheral tissues: cholesterol
increased in the brain over time, while
it decreased in peripheral tissues and

in blood. Moreover, with a chronic

2 weeks after the last IP
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Results and Discussion

treatment of 10 I.P. injections, the
total amount of measured cholesterol
was around 10 times the quantity we
found after a single |.P. injections,
meaning that cholesterol accumulates
in tissues. Finally, these data support
further the idea that the kinetic of
cholesterol release from NPs is quite
slow. In fact, 2 weeks after a single
I.P. injection we measured 1% of
the total cholesterol delivered while
2 weeks after 10 I.P. injections we
measured 10% of it.

2 weeks after the last IP
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Figure 2.10 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis
A-B. Levels of d6-chol in striatum, cortex, cerebellum (A), liver, lung, kidney, and plasma (B) measured by
LC-MS (red dots). Black dots refer to the measurement represented in figure 2.8.

Data are expressed as means + SEM.

Weight 10 I.P. injections
Tissue Concentration Chol amount
(mg or mL)
(ng/mg) (ng)
Striatum 60 11,27 +£1,53 676,20
Cortex 200 11,83+1,15 2366,00
Cerebellum 100 14,07 £ 11,17 1407,00
Liver 3000 14,87 £ 17,23 44610,00
Lung 300 23,90 + 8,84 7170,00
Kidney 500 39,30+ 3,34 19650,00
Plasma 2 2010,00 + 1358,00 4020,00

Table 2.2 Cholesterol release from g7-NPs-chol_2.0: quantitative analysis following 10 I.P. injections
R6/2 mice were injected with 10 I.P. of hybrid-g7-NPs-chol and sacrificed 2 weeks after the last I.P. injection.
Concentration of d6-chol in each tissue is expressed in ng/mg (or mL); d6-chol amount is expressed in ng.
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2.3 Cholesterol delivery to the
brain: comparison between g7-
NPs-chol_1.0 and g7-NPs-chol_2.0
2.3.1 Endogenous cholesterol
synthesis is influenced by g7-NPs-
chol_2.0
Recently,
that
cholesterol together with increased
endogenous synthesis
are needed to have a full rescue of
HD-related parameters (220). As
described in 226, g7-NPs-chol_2.0,
with their hybrid structure, have at
least 40 times more cholesterol than
the amount found in g7-NPs-chol_1.0
used in 214. To analyze whether the

we have demonstrated
a high dose of exogenous

cholesterol

Results and Discussion

increased cholesterol delivered with
g7-NPs-chol_2.0 compared to g7-
NPs-chol_1.0 indirectly stimulate the
endogenous cholesterol synthesis or
catabolism in the brain of HD mice,
R6/2 mice (n=4/group) were treated
with g7-NPs-chol_1.0 or g7-NPs-
chol_2.0 from 5 to 9 weeks of age with
2 |.P. injections/week and sacrificed 2
weeks after the last |.P. injection (Fig.
2.11).

Striatum was collected and processed
to measure the total amount of
lathosterol, desmosterol,
and 24S-OHC by mass spectrometry
in collaboration with Carlo Besta
Neurological Institute of Milan.

lanosterol,

R6/2 + R6/2 +

g7-NPs-chol_1.0 g7-NPs-chol_2.0

wt + saline  R6/2 + saline

Pre-symptomatic

Symptomatic

Late-Symptomatic

21P. 21P. 21.P. 21.P. 21.P.

\ \ \

\ 1

\
Weeks: 5 6 7

— —> MS
8 9 1M1

Activity cage

Grip strength

Paw clasping
NORT

Figure 2.11 Chronic administration of g7-NPs-chol_1.0 and g7-NPs-chol_2.0 to R6/2 mice
Experimental paradigm used in the study. R6/2 mice were treated with g7-NPs-chol_1.0 and g7-NPs-
chol_2.0 from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week. Wt and R6/2 littermates were
treated with saline solution as controls. Behavioral tests were performed at 9 and 11 weeks of age. Striatum
and cortex were collected at 11 weeks of age for mass spectrometry analysis (n=3 mice/time point).
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As expected, a robust deficit in level
of the key cholesterol precursors
lathosterol, desmosterol, and
lanosterol was found in the striatum of
R6/2 mice treated with saline compared
to wild-type littermates (Fig. 2.12A),
indicating that cholesterol synthesis
is decreased in the brain of HD mice
and confirming further previous results
(134, 135, 220).

When we compared the level of these
metabolites in R6/2 mice treated
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Results and Discussion

with g7-NPs-chol_1.0 and g7-NPs-
chol 2.0, we found a significant
increase in striatal level of desmosterol
and lanosterol only in R6/2 mice treated
with g7-NPs-chol_2.0 (Fig. 2.12B).

Of note, level of the cholesterol
catabolite 24S-OHC, which are
known to be reduced in R6/2 mice
compared to wild-type (Fig. 2.12A),
was not influenced neither by g7-
NPs-chol_1.0 nor g7-NPs-chol_2.0
(Fig. 2.12B).
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Figure 2.12 Endogenous cholesterol catabolism and synthesis following cholesterol supplementation
A-B. Lathosterol, desmosterol, lanosterol, and 24S-OHC level measured by GC-MS in striatum and cortex
of wt saline, R6/2 saline (B), R6/2 + g7-NPs-chol_1.0, and R6/2 + g7-NPs-chol_2.0 (C) mice at 11 weeks of

age (n=4 mice/group).

Data are expressed as means + SEM. Each dot corresponds to the value obtained from each animal.

Statistics: unpaired Student t-test (*p<0.05; **p<0.01).
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Even if it seems counterintuitive,
these data confirm that the excess of
exogenous cholesterol might operate
in a positive feedback on endogenous
cholesterol biosynthesis, which is
already compromised in R6/2 mice,
as demonstrated in 220. The low dose
of cholesterol delivered with g7-NPs-
chol_1.0 was not sufficient to operate
this feedback, while the high dose of
cholesterol supplied to the HD brain
with g7-NPs-chol_2.0 was sufficient
to increase the level of cholesterol
precursors. Taken together, these
results confirmed that a high dose
of exogenous cholesterol is needed
to have a positive feedback and
stimulate the endogenous synthesis of

cholesterol.

2.3.2 Cholesterol delivery prevents
cognitive decline and ameliorate
motor deficits in R6/2 mice in a dose-
dependent manner

R6/2 mice develop a progressive
neurological phenotype characterized
by cognitive and motor symptoms
resembling those present in HD (196,
197, 199, 200). It has already been
shown that I.P. injections of g7-NPs-
chol_1.0 (15 pg of cholesterol to the
HD brain) partially restored GABAergic
and glutamatergic transmission in
MSNSs,
decline and partially restored the level
of synaptic proteins in R6/2 mice (214).

striatal prevented cognitive

However, this dose of cholesterol was

Results and Discussion

not sufficient to have a beneficial effect
on the motor phenotype of R6/2 mice.
To assess whether g7-NPs-chol_2.0
are a better tool to counteract R6/2
behavioral phenotypes compared to
g7-NPs-chol_1.0, we investigated the
impact of cholesterol supplementation
with the two strategies on behavioral
abnormalities in R6/2 mice by using
standard motor and cognitive tasks.
Accordingly, we performed
3 independent trials with the
experimental paradigm shown in Fig.
2.11 comparing:

- n = 25 wild-type mice treated with
saline

- n =17 R6/2 mice treated with saline
- n = 9 R6/2 mice treated with g7-
NPs-chol_1.0

- n =17 R6/2 mice treated with g7-
NPs-chol_2.0

We did not test empty g7-NPs-chol_1.0
since it has already been demonstrated
that they do not have any effect on
the behavior of R6/2 mice (214).
Regarding g7-NPs-chol_2.0,
they have a hybrid structure where
cholesterol is both the therapeutic
molecule and a structural component,
it was not possible to produce empty
g7-NPs-chol_2.0.

The rotarod test was used to evaluate

since

motor coordination at 8 and 10 weeks
of age. Mice were tested on a rotating
bar with accelerating speed and their
latency to fall was measured. Starting
from 8 weeks of age, R6/2 mice

45



showed a progressive deterioration in
fine motor coordination, as shown by
the shorter latency to fall compared to
wild-type littermates.

When comparing R6/2 mice treated
with  g7-NPs-chol_1.0 or g7-NPs-
chol_2.0, no differences were found
(Fig. 2.13).
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Figure 2.13 Motor abilities of R6/2 mice
assessed by rotarod test following cholesterol
supplementation

Latency to fall (seconds) from an accelerating
rotarod at 8 and 10 weeks of age in wt saline (n=24-
25), R6/2 saline (n=15-17), R6/2 + g7-NPs-chol_1.0
(n=9), and R6/2 + g7-NPs-chol_2.0 (n=17).

Data are from three independent trials and shown
as scatterplot graphs with means + SEM. Each
dot corresponds to the value obtained from each
animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (***p<0.001; ****p<0.0001).

To test motor abilities further, the
activity cage test was used to analyze
spontaneous locomotion activity. At 9
and 11 weeks of age, mice were placed
for one hour into a squared arena
surrounded by infrared detectors. At
9 weeks, R6/2 mice typically showed

Results and Discussion

a severe hypokinetic phenotype as
demonstrated by reduced global
activity, number of rearing and total
distance travelled compared to wild-
type, impaired
motor function. At this time point, mice
treated with g7-NPs-chol_2.0 had a
better performance compared to those
treated with g7-NPs-chol 1.0 and
to untreated R6/2 littermates. These

indicating severely

differences were lost at 11 weeks of
age, suggesting that even the amount
of cholesterol delivered with g7-NPs-
chol_2.0 is not sufficient to counteract
motor deficits at a late symptomatic
time point, when the HD phenotype
worsen (Fig. 2.14A). When we looked
at the total distance travelled and the
number of rearings, R6/2 mice treated
with g7-NPs-chol_2.0 had a better
performance compared to R6/2 mice
treated with g7-NPs-chol_1.0 but the
scores was not significant compared
to control R6/2 mice, indicating that the
amount of cholesterol delivered with
g7-NPs-chol_2.0 is still not sufficient to
rescue these parameters (Fig. 2.14B,
C). As a measure of anxiety-like
behavior, we also evaluated the time
that mice spent exploring the periphery
or center area of the arena during
the activity cage test (Fig. 2.15A).
R6/2 animals spent more time in the
periphery compared to wild-type mice,
indicating anxiety related behavior.
Cholesterol supplementation did not
rescue this parameter (Fig. 2.15B).
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Figure 2.14 Motor abilities of R6/2 mice following
cholesterol supplementation

A-C. Global motor activity (A), total distance
travelled (B), and number of rearings (C) in an
open-field test at 9 and 11 weeks of age in wt
saline (n=24-25), R6/2 saline (n=15-17), R6/2 + g7-
NPs-chol_1.0 (n=9), and R6/2 + g7-NPs-chol_2.0
(n=17). Data are from three independent trials and
shown as scatterplot graphs with means + SEM.
Each dot corresponds to the value obtained from
each animal. Statistics: one-way ANOVA with
Newman-Keuls post-hoc test (*p<0.05; **p<0.01;
**n<0.001;, ****p<0.0001) or unpaired Student
t-test (#p<0.05; ##p<0.01).
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Figure 2.15 Anxiety-related behavior of R6/2 mice following cholesterol supplementation

A-B. Representative track plots (A) generated from the open-field test from wt saline (n=24-25), R6/2 saline
(n=15-17), R6/2 + g7-NPs-chol_1.0 (n=9), and R6/2 + g7-NPs-chol_2.0 (n=17) and relative quantification
(B) of the time spent in the center and in the periphery (%) of the arena at 11 weeks of age.

Data are from three independent trials and shown as histogram with means + SEM.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).
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The grip strength test assessed mice
neuromuscular functions and strength
by measuring the force developed by
the mouse when the operator tries to
retire it out of a bar. Muscular strength
was reduced in R6/2 mice from 9
weeks of age and it was completely
rescued by g7-NPs-chol_2.0 at both 9
and 11 weeks of age, while the amount
of cholesterol delivered with g7-NPs-
chol_1.0 was not sufficient to rescue
this parameter (Fig. 2.16).
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Figure 2.16 Muscular strength of R6/2 mice
following cholesterol supplementation

Grip strength (grams) at 9 and 11 weeks of age in
wt saline (n=16-24), R6/2 saline (n=11-22), R6/2
+ g7-NPs-chol_1.0 (n=10), and R6/2 + g7-NPs-
chol_2.0 (n=17).

Data are from three independent trials and shown
as scatterplot graphs with means + SEM. Each
dot corresponds to the value obtained from each
animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (**p<0.01; ***p<0.001; ****p<0.0001).

The paw clasping test was used at
8 and 10 weeks of age to measure
is a

dystonic movements, which

marker of neurodegeneration in

Results and Discussion

several mouse models of brain
diseases. Mice were suspended by the
tail for 30 seconds: a score of 0 was
assigned when the hindlimbs were
away from the abdomen, consistently
splayed outward, a score of 1 or 2 was
assigned when one or both hindlimb
was retracted toward the abdomen; a
score of 3 was assigned if hindlimbs
were entirely retracted and touching
the abdomen. Of note, only R6/2
mice treated with g7-NPs-chol_2.0

ameliorated this phenotype (Fig. 2.17).
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Figure 2.17 Paw clasping behavior of R6/2 mice
following cholesterol supplementation

Paw clasping at 9 and 11 weeks of age in wt saline
(n=25), R6/2 saline (n=22), R6/2 + g7-NPs-chol_1.0
(n=10), and R6/2 + g7-NPs-chol_2.0 (n=17).

Data are from three independent trials and shown
as histogram with means + SEM.

Statistics: one-way ANOVA with Newman—-Keuls
post-hoc test (****p<0.0001) or unpaired Student
t-test (#p<0.095).

Finally, the novel object recognition
(NOR) test was used at 9 and 11
weeks of age to evaluate the effect
of cholesterol delivery on cognitive
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function. The test is based on the
spontaneous tendency of rodents
to spend more time exploring a new
object than a familiar one, reflected
by a positive discrimination
(DI). As expected, long-term memory
declined during disease progression in
R6/2 mice, with a marked impairment

in the ability to discriminate novel

index

and familiar objects at 11 weeks of
age. R6/2 mice treated with g7-NPs-
chol_2.0 performed similarly to wild-
type mice, indicating that this treatment
completely prevents the cognitive
defects at both 9 and 11 weeks of age.
Contrarily, g7-NPs-chol_1.0 rescued
the defect only at 11 weeks of age
(Fig. 2.18).

During the trials, mice were weighted
once a week. As expected, weight loss
was observed in R6/2 mice starting
from late time point (10 weeks of
age). Remarkably, this parameter was
rescued in male R6/2 mice treated
with g7-NPs-chol_2.0 (Fig. 2.19A, B).
Collectively, these results indicate
an overall behavioral recovery in HD
mice after cholesterol administration,
confirming that the low dose of
cholesterol administered with g7-NPs-
chol_1.0 is sufficient to protect mice
from cognitive decline while higher
doses are needed to rescue motor
dysfunction together with restoration
of endogenous cholesterol synthesis,
which occurs only when high doses of

cholesterol are administered.

Results and Discussion

NORT (9 and 11 ws)

Discrimination index (%)

Figure 2.18 Cognitive abilities of R6/2 mice
following cholesterol supplementation
Discrimination index (DI %) in the novel object
recognition test of wt saline (n=22-23), R6/2 saline
(n=13-19), R6/2 + g7-NPs-chol_1.0 (n=7-8), and
R6/2 + g7-NPs-chol_2.0 (n=10-13) at 9 and 11
weeks of age. DI above zero indicates a preference
for the novel object; DI below zero indicates a
preference for the familiar object.

Data are from three independent trials and shown
as scatterplot graphs with means + SEM. Each
dot corresponds to the value obtained from each
animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (***p<0.001; ****p<0.0001).

Accordingly, the dose of cholesterol
administered with g7-NPs-chol_2.0
is sufficient to have a partial rescue
of motor abilities at 9 weeks of age
but higher doses are needed to
completely counteract the defect when
the phenotype worsen. Furthermore,
it is important to highlight that the
kinetic of cholesterol release from NPs
is slow and the phenotype of R6/2
mice is too fast and aggressive to
have a full rescue. In fact, at the time
point analyzed, around 20% of the
delivered cholesterol is released from
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g7-NPs-chol_2.0, thus only a very
small percentage of the administered
cholesterol is available for neuronal

activity.
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Figure 2.19 Body weight of R6/2 mice following
cholesterol supplementation

A-B. Body weight (grams) of male (A) and female
(B) mice at different time point.

Data are from three independent trials and shown
as graphs with means + SEM.

Statistics: one-way ANOVA with Newman—-Keuls
post-hoc test (*p<0.05; **p<0.01).

2.4 Administration of g7-NPs-
chol_2.0 does not solicit a massive
inflammation response

We sought to assess if the chronic
administration of g7-NPs-chol_2.0 (2
[.P. injections/week, from 5 to 9 weeks
of age) influences the inflammation

Results and Discussion

status of R6/2 mice. To this aim, we
used the Bioplex assay, which is
based on color-coded magnetic beads
and allows the simultaneous detection
of 23 cytokines in a single well of a 96-
well microplate (Fig. 2.20). Cytokines,
chemokines, and growth factors are
cell signaling proteins, mediating a
wide range of physiological responses,
including immunity and inflammation.
They are also associated with a
spectrum of
diseases including Huntington’s and

neurodegenerative

Parkinson’s disease. We performed
a first pilot experiment to analyze the
inflammation status of untreated wild-
type and R6/2 mice (n=5/genotype)
in striatum, cortex, liver, and plasma.
This study revealed that wild-type and
R6/2 mice have a similar cytokines and
chemokines profile, indicating a normal
inflammation status (Table 2.3). The
only differences we measured were
cortical reduction of IL-13, indicating
decreased inhibition of inflammatory
cytokines, and plasmatic reduction
of GM-CSF,
neurogenesis and

indicating  reduced
neuroplasticity,
in R6/2 mice compared to wild-type
(Table 2.3).
compared R6/2 mice treated with

saline and R6/2 mice treated with

littermates When we

g7-NPs-chol_2.0 (n=5/genotype) we
found that Eotaxin is down-regulated
in the cortex of cholesterol treated
mice compared to R6/2 and wild-
type littermates (Table 2.4). Eotaxin
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is a cytokine belonging to the CC
chemokine family. It is implicated
in allergic responses by recruiting
eosinophils and inducing their
chemotaxis. Increased Eotaxin level
in plasma are associated with aging in
mice and humans. Furthermore, it has
been shown that young mice exposed
to Eotaxin or to the plasma of older
mice, containing high level of Eotaxin,
exhibited decreased neurogenesis
and impaired cognitive performance
(231).

Clinical observation of mice during

Up to 100 distinctly coloured bead set
associated to an antibody
that recognize a single analyte

STEP 3: add biotinylated
detection antobodyes

Results and Discussion

STEP 1: add beads

STEP 4: add streptavidin-PE
reporter dye

chronic administration regimen did
not reveal any case of mortality in
the treated and control groups. There
were no signs of abnormal behavioral
reactions and general clinical
symptoms.

Overall, these results suggested that
chronic administration of g7-NPs-
chol_2.0 do not lead to inflammation
in brain, liver, and plasma, while it
reduced the amount of Eotaxin in
cholesterol

cortex, indicating that

may have a beneficial effect on

neurogenesis and cognitive decline.
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fluorescence sorting

e
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Figure 2.20 Inflammatory response of R6/2 mice following cholesterol supplementation

Assay scheme. The Bio-plex assay is carried out in a 96-well plate in which up to 100 distinctly colored
beads set associated to an antibody the recognize a specific analyte can accommodate. In the first step, the
beads of interest are added. Then, samples are added in the wells where they bind to the specific antibodies.
Biotinylated antibodies are added for the detection while streptavidin-PE antibodies are used as reporter

dye. Analytes are sorted exploiting fluorescence.
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Striatum Cortex Liver Plasma
Analyte wt wt wt wt
(vs R6/2) (vs R6/2) (vs R6/2) (vs R6/2)

Mean SEM Mean SEM Mean SEM Mean SEM
IL-1a 1,159 0,063 1,268 0,112 0,898 0,041 1,055 0,684
IL-1b 1,473 0,218 1,247 0,122 1,078 0,098 0,887 0,265
IL-2 1,029 0,157 1,568 0,397 0,885 0,022 0,445 0,121
IL-3 1,011 0,206 0,803 0,175 1,217 0,121 N/D N/D
IL-4 1,333 0,144 1,028 0,104 1,306 0,082 0,985 0,142
IL-5 1,401 0,075 0,741 0,096 0,936 0,058 0,911 0,238
IL-6 1,080 0,267 0,947 0,388 1,107 0,059 N/D N/D
IL-9 1,311 0,071 1,164 0,119 1,113 0,023 N/D N/D
IL-10 1,160 0,069 0,889 0,054 0,970 0,026 0,957 0,035
IL-12 (p40) 1,322 0,291 0,943 0,279 0,991 0,043 0,860 0,412
IL-12 (p70) 1,097 0,173 0,944 0,053 0,916 0,050 N/D N/D
IL-13 1,072 0,188 1,377 0,122 1,003 0,142 1,078 0,119
IL-17 1,081 0,115 0,631 0,133 1,172 0,145 0,799 0,278
Eotaxin 1,078 0,076 1,070 0,028 1,069 0,038 0,892 0,138
G-CSF 1,233 0,202 0,985 0,158 1,099 0,135 2,685 0,642
GM-CSF 1,439 0,326 0,475 0,151 1,006 0,150 2,017 0,653
ING-gamma 1,024 0,166 0,936 0,184 0,916 0,053 0,886 0,082
KC 1,443 0,330 0,713 0,113 0,953 0,078 1,078 0,213
MCP-1 1,631 0,453 0,818 0,238 0,675 0,092 0,477 0,201
MIP-1a 1,625 0,122 0,685 0,126 0,692 0,045 1,411 0,808
MIP-1b 1,647 0,551 1,060 0,199 1,297 0,279 1,325 0,595
Ranteg 0,976 0,197 1,450 0,055 0,902 0,036 0,897 0,173
TNF-a 1,073 0,056 1,250 0,154 1,259 0,044 0,685 0,189

Table 2.3 Inflammatory response of R6/2 mice following cholesterol supplementation

Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of wt vs
R6/2 mice (n=5 mice/group).

Data are normalized on R6/2 mice and are expressed as means * standard error of the mean.

Statistics: unpaired Student t-test (*p<0.05).

Striatum Cortex Liver Plasma
Analyte R6/2 + g7-NPs-chol_2.0 R6/2 + g7-NPs-chol_2.0 R6/2 + g7-NPs-chol_2.0 R6/2 + g7-NPs-chol_2.0
(vs R6/2 saline) (vs R6/2 saline) (vs R6/2 saline) (vs R6/2 saline)

Mean SEM Mean SEM Mean SEM Mean SEM
IL-1a 1,010 0,025 0,927 0,033 0,976 0,111 0,212 0,032
IL-1b 1,055 0,200 0,747 0,134 1,088 0,184 0,920 0,381
IL-2 1,415 0,076 0,708 0,013 1,159 0,179 0,398 0,081
IL-3 1,012 0,298 0,771 0,097 1,031 0,038 N/D N/D
IL-4 0,632 0,110 1,472 0,499 0,744 0,182 0,429 0,184
IL-5 1,264 0,165 1,276 0,561 0,924 0,158 0,330 0,085
IL-6 1,061 0,132 1,019 0,102 0,889 0,133 N/D N/D
IL-9 0,789 0,143 0,836 0,145 0,900 0,112 N/D N/D
IL-10 1,020 0,291 0,678 0,123 1,109 0,354 1,175 0,000
IL-12 (p40) 1,666 0,435 0,668 0,176 1,843 0,113 0,921 0,236
IL-12 (p70) 0,944 0,242 0,798 0,138 0,803 0,116 N/D N/D
IL-13 0,950 0,072 0,835 0,069 0,977 0,097 1,099 0,152
IL-17 1,345 0,414 0,892 0,125 1,194 0,104 1,345 0,414
Eotaxin 1,695 0,359 0,521 0,096 0,958 0,215 0,809 0,195
G-CSF 0,943 0,203 0,914 0,153 1,001 0,120 0,987 0,148
GM-CSF 1,025 0,222 1,060 0,220 1,090 0,080 0,724 0,188
ING-gamma 1,413 0,272 0,899 0,102 1,155 0,184 0,749 0,322
KC 1,337 0,302 1,340 0,169 0,988 0,313 0,489 0,086
MCP-1 0,947 0,375 0,907 0,196 1,657 0,414 1,365 0,689
MIP-1a 1,133 0,326 0,816 0,138 1,065 0,126 0,525 0,222
MIP-1b 1,511 0,186 0,731 0,137 0,920 0,192 0,614 0,452
Ranteg 1,010 0,075 1,020 0,134 0,882 0,087 0,998 0,231
TNF-a 1,173 0,276 0,854 0,249 1,100 0,352 0,851 0,371

Table 2.4 Inflammatory response of R6/2 mice following cholesterol supplementation

Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of R6/2
saline mice vs R6/2 + g7-NPs-chol_2.0 mice (n=5 mice/group).

Data are normalized on R6/2 saline mice and are expressed as means + standard error of the mean.
Statistics: unpaired Student t-test (*p<0.05).
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2.5 Long term and cyclic
treatments of g7-NPs-chol_2.0

in zQ175DN mice ameliorate HD-
related behavioral deficits

Since g7-NPs-chol_2.0 take some
weeks to release the encapsulated
cholesterol, and R6/2 mouse model
has a fast-developing phenotype that
does not allow to test the effect of the
treatment when all the encapsulated
cholesterol has been released, we took
advantage of another mouse model of
HD to validate further our strategy. In
particular, we used the knock-in mouse
model zQ175DN, which expresses the
neo-deleted knock-in allele encoding
the human HTT exon 1 sequence with
a ~190 CAG repeat tract, replacing the

zQ175DN +
g7-NPs-chol_2.0

wt + zQ175DN +
saline

saline

Results and Discussion

mouse Htt exon 1.

Conversely to R6/2 mice, this knock-
in animal model has a longer lifespan
(12 months) with a slower disease
progression, more resembling HD in
humans (213).

Accordingly, zQ175DN mice (n=15)
weretreated withg7-NPs-chol_2.0from
5 to 9 weeks of age (pre-symptomatic
stage) with 2 I.P. injections/week. As
control mice, zQ175DN (n=10) and
wild-type littermates (wt, C57BL6/J)
(n=18) were treated with saline.The
impact of cholesterol supplementation
on behavioral abnormalities was
evaluated by using standard motor
and cognitive tasks at 20 weeks of age
(Fig. 2.21).

Pre-symptomatic Symptomatic

10 I.P. (1st cycle)

)
Weeks: 5 9 20

Activity cage

Grip strength

Paw clasping
NORT

Figure 2.21 Chronic administration of g7-NPs-chol_2.0 to zQ175DN mice

Experimental paradigm used in the study. zQ175DN mice were treated with g7-NPs-chol_2.0 from 5 weeks
of age to 9 weeks of age with 2 I.P. injection/week. Wt and zQ175DN littermates were treated with saline
solution as controls. Behavioral tests were performed at 20 weeks of age.

At this time point, zZQ175DN mice did
not show any defect in motor abilities
compared to wild-type littermates, as
measured by the global activity, total
distance travelled, and number of
rearings analyzed by the activity cage
test (Fig. 2.22A, B, C). Furthermore,

zQ175DN mice did not manifest any

anxiety-like behavior since there
were no differences in the time spent
exploring the periphery or center area
of the arena during the activity cage
test between wild-type and HD mice

(Fig. 2.23A, B).
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Figure 2.22 Motor abilities of zQ175DN mice
following cholesterol supplementation

A-C. Global motor activity (A), total distance
travelled (B), and number of rearings (C) in an
open-field test at 20 weeks of age in wt saline
(n=15), zQ175DN saline (n=10), and zQ175DN +
g7-NPs-chol_2.0 (n=18).

Data are shown as scatterplot graphs with means
+ SEM.

Each dot corresponds to the value obtained from
each animal.

wt
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Q175
saline

Q175 +
NPs_2.0
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Figure 2.23 Anxiety-related behavior of zQ175DN mice following cholesterol supplementation

A-B. Representative track plots (A) generated from the open-field test from wt saline (n=15), zQ175DN
saline (n=10), and zQ175DN + g7-NPs-chol_2.0 (n=18) and relative quantification (B) of the time spent in
the center and in the periphery (%) of the arena at 20 weeks of age.

Data are shown as histogram with means £ SEM.
Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.05; ***p<0.001).
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When we measured the muscular
strength of zQ175DN mice using the
grip strength test, we observed that
at 20 weeks of age knock-in mice
exhibited strength
compared to controls and cholesterol
supplementation completely restored
this defect (Fig. 2.24).

less muscular

Grip strength (20 ws)
100

80+

Force (gr)

Figure 2.24 Muscular strength of zZQ175DN mice
following cholesterol supplementation

Grip strength (grams) at 20 weeks of age in wt saline
(n=15), zQ175DN saline (n=11), and zQ175DN +
97-NPs-chol_2.0 (n=18).

Data are shown as scatterplot graphs with means +
SEM. Each dot corresponds to the value obtained
from each animal.

Statistics: one-way ANOVA with Newman—-Keuls
post-hoc test (**p<0.01).

Regarding the clasping behavior,
zQ175DN mice manifest low clasping
activity at 20 weeks of age which was
not rescued in cholesterol-treated
mice (Fig. 2.25).

Finally, at this time point, zQ175DN
mice exhibited a pronounced cognitive
deficit, as assessed by NORT. The
amount of cholesterol released from

g7-NPs-chol_2.0 at this time point was

Results and Discussion

sufficient to totally rescue cognitive
defect in zQ175DN mice (Fig. 2.26).

Paw clasping (20 ws)

1.5+

Score

0.5+

Figure 2.25 Paw clasping behavior of zQ175DN
mice following cholesterol supplementation
Paw clasping at 20 weeks of age in wt saline
(n=15), zQ175DN saline (n=11), and zQ175DN +
g7-NPs-chol_2.0 (n=18).

Data are shown as histogram with means + SEM.
Statistics: one-way ANOVA with Newman—Keuls
post-hoc test (*p<0.05; **p<0.01).

NORT (20 ws)

100 swen: soee

50

Discrimination index (%)
o

Figure 2.26 Cognitive abilities of zQ175DN mice
following cholesterol supplementation
Discrimination index (DI %) in the novel object
recognition test of wt saline (n=15), zQ175DN saline
(n=10), and zQ175DN + g7-NPs-chol_2.0 (n=18) at
20 weeks of age. Data are shown as scatterplot
graphs with means + SEM. Each dot corresponds
to the value obtained from each animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (****p<0.0001).
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Since cholesterol is gradually released
tested
these animals again at 29 weeks of
age (Fig. 2.27).

In parallel, we performed a second

from g7-NPs-chol_2.0, we

cycle of treatment from 21 to 25 weeks

Results and Discussion

of age (symptomatic stage) in which
zQ175DN mice were treated with g7-
NPs-chol_2.0 with 2 I|.P. injections/
week (n=9). Behavioral tests were
performed at 29 weeks of age (Fig.
2.27).

Pre-symptomatic Symptomatic Late-symptomatic
10 I.LP. (1st cycle)
—
\ \ \ \
Weeks: 5 9 20 29
Activity cage
Grip strength
Paw clasping
NORT
10 I.P. (2nd cycle)
—
A A A Y
Weeks: 20 21 25 29 35

Activity cage Activity cage

Grip strength Grip strength
Paw clasping Paw clasping
NORT NORT

Figure 2.27 Chronic administration of g7-NPs-chol_2.0 to zQ175DN mice

Experimental paradigm used in the study. zQ175DN mice were treated with g7-NPs-chol_2.0 from 5 weeks
of age to 9 weeks of age with 2 |.P. injection/week. Wt and zQ175DN littermates were treated with saline
solution as controls. Some mice received a second cycle of treatment from 21 to 29 weeks of age with 2
I.P. injection/week. Behavioral tests were performed at 29 weeks of age. To see how does the effect last,
behavioral tests were performed again at 35 weeks of age.

We found that also at 29 weeks of
age, zQ175DN mice did not show any
defect in motor abilities or anxiety-
like behavior compared to wild-type
littermates, as assessed by activity
cage test (Fig. 2.28A, B, C, D, E).
Interestingly, both group of mice treated
with 1 cycle or 2 cycles of g7-NPs-
chol_2.0 exhibited higher muscular
strength compared to zQ175DN mice

treated with saline, indicating an

amelioration of this phenotype (Fig.
2.29).

The same result was obtained with the
paw clasping test: accordingly, all the
zQ175DN mice treated with cholesterol
had a clasping behavior similar to wild-
type mice (Fig. 2.30).

Finally, NORT revealed that cholesterol
treatment was able to totally rescue
the cognitive defect of zQ175DN mice
also at this time point (Fig. 2.31).
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Figure 2.28 Motor abilities of zQ175DN mice following cholesterol supplementation

A-C. Global motor activity (A), total distance travelled (B), and number of rearings (C) in an open-field test at
29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9),
and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9).

D-E. Representative track plots (D) generated from the open-field test from wt saline (n=18), zZQ175DN
saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles)
(n=9) and relative quantification (E) of the time spent in the center and in the periphery (%) of the arena at
20 weeks of age.

Data are shown as scatterplot graphs (A-C) or histograms (E) with means + SEM. Each dot corresponds to
the value obtained from each animal.
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Figure 2.29 Muscular strength of zZQ175DN mice
following cholesterol supplementation

Grip strength (grams) at 29 weeks of age in wt
saline (n=18), zQ175DN saline (n=17), zQ175DN
+ g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN
+ g7-NPs-chol_2.0 (2 cycles) (n=9).

Data are shown as scatterplot graphs with means
SEM. Each dot corresponds to the value obtained
from each animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (*p<0.05; **p<0.01; ****p<0.0001).

Figure 2.30 Clasping behavior of zQ175DN mice
following cholesterol supplementation

Paw clasping at 29 weeks of age in wt saline
(n=18), zQ175DN saline (n=17), zZQ175DN + g7-
NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-
NPs-chol_2.0 (2 cycles) (n=9).

Data are shown as histogram with means £ SEM.
Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (*p<0.05; **p<0.01; ***p<0.001).

Figure 2.31 Cognitive abilities of zQ175DN mice
following cholesterol supplementation
Discrimination index (DI %) in the novel object
recognition test of wt saline (n=18), zQ175DN
saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1
cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2
cycles) (n=9) at 29 weeks of age. DI above zero
indicates a preference for the novel object; DI below
zero indicates a preference for the familiar object.
Data are shown as scatterplot graphs with means
SEM. Each dot corresponds to the value obtained
from each animal.

Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (****p<0.0001).
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Figure 2.32 Motor and cognitive abilities of zQ175DN mice following cholesterol supplementation
A-E. Global motor activity (A), total distance travelled (B), and number of rearings (C) in an open-field test at
29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9),
and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9). Representative track plots (D) generated from the open-
field test from wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), and
zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9) and relative quantification (E) of the time spent in the center
and in the periphery (%) of the arena at 20 weeks of age.

F. Grip strength (grams) at 29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-
NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9).

G. Paw clasping at 29 weeks of age in wt saline (n=18), zQ175DN saline (n=17), zQ175DN + g7-NPs-
chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9).

H. Discrimination index (DI %) in the novel object recognition test of wt saline (n=18), zQ175DN saline
(n=17), zQ175DN + g7-NPs-chol_2.0 (1 cycle) (n=9), and zQ175DN + g7-NPs-chol_2.0 (2 cycles) (n=9)
at 29 weeks of age. DI above zero indicates a preference for the novel object; DI below zero indicates a
preference for the familiar object.

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from
each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.0001; ***p<0.001).

To analyze the long-term effect of
delivery,
behavioral tests also at 35 weeks
of age. Even if no motor deficits in
zQ175DN mice compared to wild-type
littermates were measured (Fig. 2.32A-

cholesterol we performed

E), the rescue on muscular strength
(Fig. 2.32F), clasping behavior (Fig.
2.32G), and cognitive decline (Fig.
2.32H) by g7-NPs-chol_2.0 delivery
were maintained also at this time point.
Taken these  results
highlighted that, at 20 weeks of age, the
amount of cholesterol released from
g7-NPs-chol_2.0 is sufficient to rescue

muscular strength and to reverse

together,

cognitive decline in zQ175DN mice. At
29 weeks of age, these rescues persist,
and the increased amount of released
cholesterol reversed also clasping
behavior of HD mice. Finally, when we
performed a second cycle of treatment
with g7-NPs-chol_2.0, we observed

that cholesterol administration rescued
HD-related behavioral deficits in a

long-term manner.

2.6 Setting up of an in vivo
paradigm for SREBP2 delivery to
brain astrocytes

Since the
underlying cholesterol dysfunction in
HD is a reduced activity of SREBP2
likely in glial cells (132, 149, 150) and
it has been demonstrated that delivery
of exogenous cholesterol to the brain
is beneficial for HD mice (214, 220),
we aimed at forcing the expression
of SREBP2
the biosynthesis of
cholesterol in striatal astrocytes of
a transgenic mouse model of HD
(R6/2 mice). To this end, we produced
two viral vectors carrying the active
N-terminal portion of human SREBP2
and able to express the transgene

molecular mechanism

in vivo to stimulate
endogenous
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specifically in astrocytes, which are
the major producers of cholesterol in
the adult brain. The first viral vector
was derived from a Herpes Simplex
virus (HSV, in collaboration with M.
Simonato and G. Verlengia, University
of Ferrara and San Raffaele Institute)
(232, 233), which is attractive because
it contains many non-essential genes
that can be replaced (up to 30 kb) with
multiple therapeutic transgenes. The
second viral vector is a recombinant
serotype of an adeno-associated
virus (AAV2/5, in collaboration with M.
GiaccaandL. Zentilin, ICGEB, Trieste),
which is known to be highly specific for
glial cells (124). In the first experiment
we tested HSV (JDNI8-gfaABC1D-

HSV-gfaABC1D-TdTomato (5 x 10° pfu/mL)
AICPO AICP27 AJdoint AICP47  BICP22

HSV (2 L)

Results and Discussion

TdTomato, 5 x 10° pfu/mL) and AAV2/5
(AAV2/5-gfaABC1D-TdTomato, 1,7
x 10 U/mL) expressing the reporter
gene TdTomato under the control of a
glial promoter (gfaABC1D) to strength
the infection of astrocytes.

Accordingly, we infected 7-week-old
wild-type mice (n=3-7/virus) into the
(2uL, 12uL/h,
coordinates 2 mm mediolateral,

striatum stereotaxic

0.74 mm anteroposterior, 3.5 mm
dorsoventral; from Paxinos G and
Watson C. The Rat Brain in Stereotaxic
Coordinates. Academic Press, San
Diego) (Fig. 2.33).

Mice were sacrificed 4 weeks after
the infection to study viral spread and

tropism.

AAV2/5-gfaABC+D-TdTomato (1,7 x 10" U/mL)

AlCP4 ITR ITR

oo [ -

wt
AAV (2 L)
\
\
@ Weeks: 7

S IHC
11

Tissue
collection

Figure 2.33 In vivo characterization of HSV-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-tdTomato
Scheme of the viruses and experimental paradigm used in the study. 7-weeks old wt mice were unilaterally
infected in the right striatum with HSV or AAV expressing tdTomato under the control of gfaABC1D promoter.
Mice were sacrificed 4 weeks later and brains were collected to study viral spread and tropism.
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When we analyzed the presence of the
viruses in brain coronal sections, we
found that both of them consistently
diffuse in the striatum and in some
parts of the cortex in the infused
hemisphere in several subsequent
slices, indicating a good spread from
the injection site (Fig. 2.34A, B).
Accordingly, the signal of TdTomato
was detectable in a range of 2,5 mm
and it covered 61,51% = 4,85 of the
infused hemisphere. We then analyzed
the co-localization between the signal

of TdTomato and the signal of both

TdTomato Ho

B

TdTomato Ho

Results and Discussion

neuronal (DARPP32, NeuN) and glial
(GFAP, S100B, IBA1) markers to study
the tropism of both viruses.

HSV infects
(Fig. 2.35A)
AAV2/5 has a specific tropism for glial

Unfortunately, only

neuronal cells while
cells (Fig. 2.35B). For this reason, we
decided to use AAV2/5 to over-express
hSREBP2 in

AAV2/5 was proven to be a good

astrocytes. Overall,

tool to target glial cells in a very wide
brain area, thus AAV2/5-gfaABC1D-
hSREBP2-tdTomato (1,7 x 10" U/mL)
was produced.

Figure 2.34 Spread of HSV-gfaABC1D-tdTomato
and AAV2/5-gfaABC1D-tdTomato

A-B. Representative large images of coronal brain
slices of wt mice infected with HSV-gfaABC1D-
tdTomato or AAV2/5-gfaABC1D-tdTomato with
immunostaining against tdTomato (red) to visualize
HSV (A) and AAV (B) spread. Hoechst were used to
counterstain nuclei (Ho, blue).
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Figure 2.35 Tropism of HSV-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-tdTomato

A-B Representative confocal images of coronal brain slices of wt mice infected with HSV-gfaABC1D-
tdTomato (A) or AAV2/5-gfaABC1D-TdTomato (B) with immunostaining against tdTomato (red) and GFAP,
IBA1, S100B, NeuN, and DARPP32 (green) to visualize viral tropism. Hoechst were used to counterstain

nuclei (Ho, blue).

2.6.1 In vivo characterization of
AAV2/5-gfaABC1D-TdTomato and
AAV2/5-gfaABC1D-hSREBP2-
TdTomato

To verify the expression and the activity
of hSREBP2, RT-qPCR and Western
Blot were performed on the infused
striatum and ipsi-lateral cortex of:

- n = 3 untreated wild-type mice

- n = 3 untreated R6/2 mice

- n = 3-4 R6/2 mice infected with
AAV2/5-gfaABC1D-TdTomato (R6/2-
Tom)

- n = 3-4 R6/2 mice infected with
AAV2/5-gfaABC1D-hSREBP2-
TdTomato (R6/2-hBP2)

The viral vectors (2 uL) were injected
in the right striatum of mice at 7 weeks-
of-age and the animals were sacrificed
4 weeks after (Fig. 2.36).
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Figure 2.36 In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-

tdTomato.

Scheme of the viruses and experimental paradigm used in the study. 7-weeks old wt and R6/2 mice were
unilaterally infected in the right striatum with AAV2/5-gfaABC1D-tdTomato or AAV2/5-gfaABC1D-hSREBP2-
tdTomato. Mice were sacrificed 4 weeks later and brains were collected to measure tdTomato and hNSREBP2

mRNA and protein.

As shown in Fig. 2.37A, mRNA of
TdTomato was not present in wild-type
and R6/2 brain, while it was detected
and quantified in R6/2-Tom and
R6/2-hBP2 samples. As expected,
hSrebp2 was detected only in R6/2-
hBP2 mice (Fig. 2.37A). At protein
level, TdTomato was measured in
R6/2-Tom mice but not in R6/2-hBP2
that TdTomato
fused downstream to hSREBP2 was
not efficiently translated in AAV2/5-
gfaABC1D-hSREBP2-TdTomato (Fig.
2.37B). Although specific antibodies
for the human form of SREBP2 are not
available, Western Blot analysis with

mice, suggesting

an antibody able to recognize both the
endogenous (mouse) and exogenous
SREBP2
increase in total SREBP2 protein level
in three out of four R6/2-hBP2 mice
(Fig. 2.37B). Moreover, we checked

(human) revealed an

the over-expression of hSREBP2 in
the infused striatum of R6/2-hBP2
mice by immunofluorescence analysis,
as shown in Fig. 2.37C. Finally, we
measured a significant reduction of the
endogenous mSREBPZ2 in R6/2, R6/2-
Tom and R6/2-hBP2 mice compared
to wild-type mice (Fig. 2.37D). When
compared to mSrebp2, the level of
hSrebp2 mRNA was between 1.7-
fold and 2.1-fold higher than the
endogenous transcript in R6/2-hBP2
mice (Fig. 2.37E).

These results demonstrate that intra-
striatal injection of AAV2/5-gfaABC1D-
hSREBP2-TdTomato
express hSREBP2 at transcriptional

allows to

and protein level in HD mice.
TdTomato
vector is not translated for unknown

However, in the same

reasons and cannot be used as tag for
the transgene expression.
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Figure 2.37 In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-
tdTomato.

A. mRNA levels of tdTomato and hSrebp2 (B) in the infused striatum and ipsi-lateral cortex from untreated wt
mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice
treated with AAV2/5-gfaABC1D-hSREBP2-td Tomato (R6/2-hBP2) (n=3 mice/group).

B. Protein levels and relative densitometry quantification of tdTomato and hSREBPZ in cytosolic fractions
from the infused striatum and ipsi-lateral cortex from R6/2 mice treated with either AAV2/5-gfaABC1D-
tdTomato (R6/2-Tom) or AAV2/5-gfaABC1D-hSREBP2-td Tomato (R6/2-hBP2) (n=4 mice/group). Stain-free
imaging and GAPDH were used as a loading control and for normalization.

C. Representative large images with relative crops of coronal brain slices of R6/2-hBP2 mice with
immunostaining against SREBP?2 (red). Hoechst were used to counterstain nuclei (Ho, blue).

D. mRNA levels of mSrebp2 in the infused striatum and ipsi-lateral cortex from untreated wt mice, untreated
R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice treated with
AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3 mice/group).

E. Comparison between the mRNA levels of mSrebp2 and hSrebp2 in the infused striatum and ipsi-lateral
cortex from R6/2-hBP2 mice (n=3).

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from
each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.01).

2.6.2 Gene expression analysis
of SREBP2-related pathways and

- n = 3 untreated wild-type mice
- n = 3 untreated R6/2 mice

cholesterol metabolism

Since SREBP2 is the master regulator
of genes involved in the biosynthesis of
cholesterol, to establish the efficacy of
hSREBP2 over-expression in glial cells
to activate the expression of genes
related to cholesterol biosynthesis,
was

gene  expression

performed on the infused striatum and

analysis

ispi-lateral cortex of:

- n = 3 R6/2 mice infected with AAV2/5-
gfaABC1D-TdTomato (R6/2-Tom)

- n = 3 R6/2 mice infected with AAV2/5-
gfaABC1D-hSREBP2-TdTomato (R6/2-
hBP2)

Mice were unilaterally infected in the
right striatum at 7 weeks-of-age and
sacrificed 4 weeks after the infection.
The mRNA level of several genes
located at different steps of the
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cholesterol biosynthesis pathway was
analyzed: Hmgcr as representative
of the formation of mevalonate from
acetate, Mvk of the conversion of
mevalonate into isoprene, Sqs/Fdft1
of the polymerization of isoprene
to squalene and its cyclization to
lanosterol, Cyp51and Dhcr7 of the final
conversion of lanosterol to cholesterol
(Fig. 2.38A).

Transcript level of Hmgcr, Mvk, Fdft1,
and Cyp51 was significantly reduced in
R6/2 and R6/2-Tom mice compared to
wild-type controls. Of note, hSREBP2
over-expression normalized the level

A

Results and Discussion

of these genes in R6/2-hBP2 mice
(Fig. 2.38B-E).

Dhcr7 mRNA level was significantly
reduced in R6/2-Tom mice, but not
in R6/2 mice, compared to wild-type
littermates, and its transcript level
was not influenced by hSREBP2 (Fig.
2.38F).

These findings indicate that the over-
expression of hSREBP2 in striatal
glial cells of HD mice compensates
the dysfunctional activity of the
endogenous mMSREBP2 by reversing
the reduced transcription of several
cholesterol biosynthesis genes.

Acetyl-CoA + Acetoacetyl-CoA
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Figure 2.38 Gene expression analysis of SREBP2-related pathways and cholesterol metabolism
A. Cholesterol biosynthetic pathway: the enzymes whose expression was analyzed by QPCR are
colored in red, whereas the products of the Bloch and Kandutsch-Russell pathways in blue and pink,

respectively.

B-F. mRNA levels of Hmgcr (B), Mvk (C), Fdft1 (D), Cyp51 (E), and Dhcr7 (F) in the infused striatum and
ipsi-lateral cortex from untreated wt mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-
tdTomato (R6/2-Tom), and R6/2 mice treated with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2)

(n=3 mice/group).

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001) or unpaired

Student t-test (#p<0.05).

To assess whether the enhancement of
endogenous cholesterol biosynthesis
in astrocytes by viral delivery of
hSREBP2 was accompanied by a
change in cholesterol efflux, transport,
uptake and removal, the expression
level of Abcal, ApoE, Lrp1, and
Cyp46a1 was evaluated by RT-
gPCR. The mRNA level of Abcat
was increased in both R6/2 and R6/2-

Tom mice compared to controls but
striatal injection of AAV2/5-gfaABC1D-
hSREBP2-TdTomato doesn’t affect it
(Fig. 2.39A). ApoE and Lrp1 mRNA
level was similar in the striatum and
cortex of wild-type and R6/2 mice
and was not changed in R6/2-Tom
and R6/2-hBP2 mice (Fig. 2.39B,
C). Finally, all the R6/2 mice showed
reduced Cyp46a1l mRNA compared
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to controls indicating decreased
cholesterol catabolism in HD mice,
which was not reversed by hSREBP2
over-expression (Fig. 2.39D).

Overall, these data demonstrated that
hSREBP2 delivered with AAV2/5 is
functional. Accordingly, hSREBP2 is
able torestore the level of genesrelated
to cholesterol synthesis that are under
the control of this transcription factor.
On the other hand, these data indicated
that viral delivery of hSREBP2 does
not influence the transcription of the
cholesterol efflux gene Abcaf and
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of the neuron-specific cholesterol
removal gene Cyp46a1, which are
known to be deregulated in HD mice.
These may be due to incomplete
vector coverage and extensive
pathology at the time of intervention,
also considering that AAV vectors
exhibit a lag-phase before transgene
expression following infection (234).
Finally, exogenous hSREBP2 does
not affect mRNA level of the efflux
gene ApoE and the neuron-specific
cholesterol uptake gene Lrp1, which

per se are not impaired in R6/2 mice.
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Figure 2.39 Gene expression analysis of cholesterol metabolism

A-D. mRNA levels of Abcat (A), Apoe (B), Lrp1 (C), and Cyp46a1 (D) in the infused striatum and ipsi-lateral
cortex from untreated wt mice, untreated R6/2 mice, R6/2 mice treated with AAV2/5-gfaABC1D-td Tomato
(R6/2-Tom), and R6/2 mice treated with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2) (n=3 mice/

group).

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.01; ***p<0.001; ****p<0.0001).
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2.7 Glial hNSREBP2 normalizes the
level of some presynaptic proteins
in synaptosomes from cortico-
striatal tissues of R6/2 mice

Since cholesterol secreted from glial
cells was proven to be fundamental for
synapse formation and maintenance
(14), the level of several synaptic
proteins was evaluated in two sets of
synaptosomes purified from the infused
striatum and ipsi-lateral cortex of:

- n = 3 untreated wild-type mice

- n = 3 untreated R6/2 mice

- n = 4 wild-type mice infected with
AAV2/5-gfaABC1D-TdTomato (wt-
Tom)

- n =4 R6/2 mice infected with
AAV2/5-gfaABC1D-TdTomato (R6/2-
Tom)

- n =4 R6/2 mice infected with
AAV2/5-gfaABC1D-hSREBP2-
TdTomato (R6/2-hBP2)

Mice were unilaterally infected in the
right striatum at 7 weeks-of-age and
sacrificed 4 weeks after the infection.
Our attention was focused on the
analysis of:
- vesicle fusion molecules
characteristic of the presynapses such
as synaptophysin (SYP), synaptosome
associated protein 25 (SNAP25) and
vesicle associated membrane protein
1 (VAMP1)

- scaffolding proteins such as PSD95
and Shank3

- neurotransmitter receptors such as
NMDA receptors.

Results and Discussion

The aim of these analyses was to
identify a set of synaptic proteins
whose expression was altered in HD
to study whether hSREBP2 over-
expression modulates synaptic protein
machinery.

SYP level was increased in R6/2 mice
littermates.
Accordingly, R6/2-Tom mice exhibited

compared to wild-type

higher expression level than wt-Tom
mice and hSREBP2 over-expression
completely reversed this alteration
(Fig. 2.40A).

Western Blot analysis for SNAP25
revealed similar level between wild-
type and R6/2 mice, although a
decrease was observed in two out of
three R6/2 mice compared to wild-
type mice and between wt-Tom and
R6/2-Tom mice. hSREBP2 delivery
increased SNAP25 level compared
to wt-Tom and R6/2-Tom tissues (Fig.
2.40B).

VAMP1 protein level was similar in all
tested mice and it was not influenced
by hSREBP2 (Fig. 2.40C).

These findings highlighted that the
presynaptic protein machinery is
altered in cortico-striatal tissues of
HD mice and the over-expression of
hSREBP2, leading
enhancement of

to subsequent
endogenous
cholesterol biosynthesis in astrocytes,
can partially reverse this alteration.
Regardingthe postsynapticsite, PSD95
expression level was reduced in R6/2
mice with respect to wild-type mice.
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However, no significant differences
were found between wt-Tom mice and
R6/2-Tom mice, although its level was
reduced in three of four R6/2 mice.
Of note, hSREBP2 over-expression
in astrocytes significantly increased
level of this protein in R6/2-hBP2 mice
compared to R6/2-Tom mice (Fig.
2.40D). Conversely, SHANK3b did not
show changes in all the tested mice
and hSREBP2 over-expression didn’t
affect its level (Fig. 2.40E).

Finally, the protein level of NMDAR1
was reduced in R6/2 mice compared
to wild-type mice. The same reduction
was observed in R6/2-Tom mice with
respect to wt-Tom mice. In R6/2 mice,
the protein level was normalized to
the level of wt-Tom mice by hSREBP2
over-expression (Fig. 2.40F).

The normalization of the level of SYP
and NMDAR1 could be due to higher
protein expression, stability or different

A 1° set of synaptosomes

WT RE/2 WT-Tom WT-Tom

Results and Discussion

2° set of synaptosomes

R6/2-Tom

localization in synaptic compartments
contributing to normalize synaptic
defects in HD mice.

The latter hypothesis is supported
by the observation that intra-striatal
infusion of cholesterol via osmotic
minipumps in R6/2 mice rescued
synaptic communication of striatal
neurons and increased the number
of synaptic vesicles of glutamatergic
synapses that are ready to be released
(220). Indeed, glia-derived cholesterol
is required for formation, maturation,
and maintenance of synapses (14,

235).
Thus, restoring the endogenous
cholesterol  biosynthetic  pathway

by over-expressing hSREBP2 in
astrocytes may provide to synapses the
correct amount of cholesterol, leading
to ameliorated synaptic function and
making synapses less vulnerable to
HD-related stresses.
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Figure 2.40 Western blot analysis of synaptic machinery

A-F. Protein levels and relative densitometry quantification of the synaptic vesicular membrane protein SYP
(A), the SNARE complex proteins SNAP25 (B) and VAMP1 (C), the post-synaptic proteins PSD95 (D)
and Shank3b (E), and NMDAR1 (F) in synaptosomes purified from the infused striatum and ipsi-lateral
cortex from untreated wt mice, untreated R6/2 mice, wt mice treated with AAV2/5-gfaABC1D-tdTomato (wt-
Tom), R6/2 mice treated with AAV2/5-gfaABC1D-tdTomato (R6/2-Tom), and R6/2 mice treated with AAV2/5-
9faABC1D-hSREBP2-td Tomato (R6/2-hBP2) (n=3-4 mice/group). Stain-free imaging was used as a loading
control and for normalization.

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from
each animal.

Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001) or unpaired
Student t-test (#p<0.05; ##p<0.01).
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2.8 Glial hNSREBP2 rescues mutant

Huntingtin (muHTT) aggregation in

the striatum of R6/2 mice

A hallmark of HD is the presence of
intracellular aggregates of muHTT
(78).
expression of hSREBP2 in glial cells

To test whether the over-
and the stimulation of endogenous
synthesis of cholesterol for 4 weeks in
the striatum of R6/2 mice influences
muHTT aggregation, we performed
immunofluorescence  staining on
brain sections of R6/2-Tom and R6/2-
hBP2 mice with EM48 antibody, which
specifically recognize the polyQ tract
that is prone to aggregate (Fig. 2.41A).
As expected, the control vector over-
expressing TdTomato did not influence
the number and the size of muHTT
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Results and Discussion

aggregates, which are comparable
between the contralateral and the
infused hemisphere of R6/2-Tom mice.
On the contrary, when we compared
the infused and the contralateral
striatum of R6/2-hBP2 mice, the
number and the size of EM48-positive
aggregates were significantly reduced

(Fig. 2.41B, C).
Overall, these results indicated that
glial over-expression of hSREBP2

promotes muHTT clearance, one
of the
landmarks in HD, confirming previous

that
precursors favour
in HD (144,
220) and in other neurodegenerative
diseases (236, 237, 238).

main  neuropathological

results showing cholesterol
and cholesterol

aggregate clearance

Contralateral hemisphere
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Figure 2.41 muHTT aggregates in R6/2 mice following hNSREBP2 over-expression

A. Immunolabeling of muHTT aggregates (green) in the infused and contralateral striatum of R6/2 mice
treated AAV2/5-gfaABC1D-tdTomato (R6/2-Tom) or with AAV2/5-gfaABC1D-hSREBP2-tdTomato (R6/2-
hBP2) (n=3-5/group). Hoechst (Ho, blue) was used to counterstain nuclei.

B-C. Relative quantification of number (B) and size (C) of aggregates.

Data are shown as scatterplot graphs with means + SEM. Each dot corresponds to an image.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (**p<0.01; ****p<0.0001).

2.9 Glial hNSREBP2 restores the
number of DRD2-positive MSNs in
the striatum of R6/2 mice

Striatal in HD firstly
occurs in the indirect
MSNs expressing DRD2, leading
to motor dysfunction (73, 74). It
has always been difficult to study

degeneration
pathway

neurodegeneration in R6/2 mice since
this model shows normal morphology
of the central nervous system (CNS)
with no focal areas of malformation or
neurodegeneration even if sections
of the brains of these animals are
consistently smaller than those of wild-
type littermates (131).

The apparent absence of specific
neurodegeneration in R6/2 mice
supports the hypothesis that localized
atrophy may be secondary to a primary

imbalance that is directly responsible
for the clinical symptoms that are
typical of HD (131).

However, the down regulation of
Drd2 transcript in striatal MSNs is
an established early mark of disease
progression that has been proposed
as a sensitive measure of the effects
of therapeutics (239).

To focus the attention on DRD2-
expressing  neurons, we  took
advantage of Drd2-GFP colony in
which primary labelling was found to
occur in DRD2 positive MSNs from the
indirect basal ganglia pathway. Here
we crossed R6/2 mice with Drd2-GFP
to obtain an HD line with neurons from
the indirect pathway expressing GFP.

Since

reduction of cholesterol

biosynthesis in HD brain is earlier
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and more evident in the striatum and
it may at least partially account for
striatal vulnerability (240), we aimed
at quantifying the number of DRD2-
espressing MSNs in large volume of
striatum (0,108 mm?® = 0,005 mm?) to
see whether decreased number of
DRD2-positive MSNs is measurable in
R6/2 mice. If this is the case, we would
like to understand whether, following
glial hSREBP2 over-expression,
the expression of DRD2 in MSNs is
normalized.

7-week-old Drd2GFP-wt and
Drd2GFP-R6/2 mice were unilaterally
infected in the right striatum as follow:
- n =5 Drd2GFP-wt mice infected

with AAV2/5-gfaABC1D-TdTomato

Results and Discussion

(Drd2GFP-wt-Tom)

- n =4 Drd2GFP-R6/2 mice infected
with AAV2/5-gfaABC1D-TdTomato
(Drd2GFP-R6/2-Tom)

- n =4 Drd2GFP-R6/2 mice infected
with AAV2/5-gfaABC1D-hSREBP2-
TdTomato (Drd2GFP-R6/2-hBP2)
Mice were sacrificed 4 weeks after
the infection and two 1 mm-thick brain
coronal slices (comprehending the
striatum) were prepared from each
animal (Fig. 2.42).

From each slice, the portion including
the infused and the contralateral
striatum was isolated and clarified
using the X-Clarity technology (in
collaboration with M. Simonato, San
Raffaele Institute).

AAV-Tom
S Y X-Clarity
Weeks: 7 1
Drd2GFP-wt
Tissue
/ collection
X \
AAV-Tom
R6/2 Drd2GFP AAV-hBP2
Drd2GFP-R6/2 a . > X-Clarity
Weeks: 7 11
Tissue
collection

Figure 2.42 Experimental paradigm to obtain Drd2GFP-R6/2 mice

Experimental paradigm used in the study. R6/2 mice were crossed with mice having DRD2-epressing MSNs
tagged with GFP to obtain an HD line with neurons from the indirect pathway expressing GFP. 7-weeks old
Drd2GFP-wt mice were infected with AAV2/5-gfaABC 1D-td Tomato (Drd2GFP-wt-Tom) while Drd2GFP-R6/2
mice were infected with AAV2/5-gfaABC1D-tdTomato (Drd2GFP-R6/2-Tom) or with AAV2/5-gfaABC1D-
hSREBP2-tdTomato (Drd2GFP-R6/2-hBP2). Mice were sacrificed 4 weeks later and two 1 mm-thick brain
coronal slices (comprehending the striatum) were prepared from each animal. From each slice, the portion
including the infused and the contralateral striatum was isolated and clarified using the X-clarity technology

(n=5 mice/group).
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After the clarification, the endogenous
GFP signal was acquired with a two-
photon microscope (in collaboration
with the ALEMBIC facility, San
Raffaele Institute) (Fig. 2.43A). The
that the
number of MSNs expressing DRD2

quantification  revealed
is reduced in the infused striatum of
Drd2GFP-R6/2-Tom mice compared
to Drd2GFP-wt-Tom mice (Fig. 2.43B)
and in the contralateral striatum of
Drd2GFP-R6/2-hBP2 (Fig. 2.43B). Of
note, the number of DRD2-expressing
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Results and Discussion

MSNs measured in the infused
striatum of Drd2GFP-R6/2-hBP2 was
similar to that measured in Drd2GFP-
wt-Tom mice (Fig. 2.43B), suggesting
that glial over-expression of h\SREBP2
allows these neurons to regain DRD2
expression and, supposedly, to
improve their function in a non-cell-
autonomous mechanism.

This
in vivo proof that stimulation of

represents an  important

cholesterogenesis in astrocytes has
beneficial effects on neurons in HD.

Drd2GFP-R6/2-hBP2
Infused hemisphere

Drd2GFP-R6/2-hBP2
Contralateral hemisphere

Figure 2.43 DRD2 neurons in RG6/2 mice
following hSREBP2 over-expression

A-B. Representative two-photon imaging of the
endogenous signal of GFP (green) of 1 mm
thick brain coronal slices from Drd2GFP-wt-
Tom (infused hemisphere), Drd2GFP-R6/2-Tom
(infused hemisphere), and Drd2GFP-R6/2-hBP2
(contralateral and infused hemisphere) with relative
3D reconstruction (A) and quantification (B). Data
are shown as scatterplot graphs with means + SEM.
Each dot corresponds to an image. The number of
neurons was normalized on the z-stack acquired.
Statistics: one-way ANOVA with Newman-Keuls
post-hoc test (*p<0.05; **p<0.01).
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2.10 Glial hSREBP2 normalizes
synaptic transmission of striatal
neurons in R6/2 mice

It is known from the literature that
striatal MSNs from R6/2 mice exhibit
altered synaptic transmission during
progression (206, 207),
including a reduced membrane
capacitance (Cm), a decrease in
spontaneous excitatory postsynaptic

disease

current (sEPSCs), and an increase in
spontaneous inhibitory postsynaptic
current (sIPSCs) frequencies (206).
Thus, we next explored whether glial
over-expression of hSREBP2 and
restoration of endogenous cholesterol
biosynthesis over a 4-weeks period
restored synaptic parameters in HD
mice.
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Results and Discussion

We first compared whole-cell patch-
clamp recordings of striatal MSNs
from brain slices of R6/2-hBP2 mice,
comparing the contralateral and the
infused hemisphere.

The membrane capacitance, which
is proportional
decreased in

to cell size, was
R6/2-hBP2  mice
compared to wild-type littermates
with no differences between the
contralateral and the infused
hemisphere of R6/2-hBP2 mice (Fig.
2.44A).

On the contrary, input resistance,
reflecting the number of ion channels
expressed by the cell, was increased
in both contralateral and infused
hemisphere of R6/2-hBP2 mice
compared to wild-type (Fig. 2.44B).
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Figure 2.44 Passive properties in R6/2 mice following hSREBP2 over-expression
A-B. Membrane capacitance (Cm, A) and the input resistance (Rin, B) were recorded from 11-weeks old wt
mice (n=6) and from the contralateral (n=5) and infused (n=7) hemisphere of R6/2 mice treated with AAV2/5-

gfaABC1D-hSREBP2-tdTomato (R6/2-hBP2).

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.05; *p<0.01).
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To evaluate the effect of glial
cholesterol on excitatory transmission,
spontaneous excitatory postsynaptic
currents (sEPSC) were recorded at
a holding potential of -70 mV (Fig.
2.45A). Any significant differences
were found in the average amplitude of

SEPSCs between groups (Fig. 2.45B).

A

R6/2-hBP2

Results and Discussion

In agreement with previous studies
(214, 220), glial over-expression of
hSREBP2 led to a significant increase
in the frequency of sEPSCs in the
infused hemisphere of R6/2-hBP2
mice compared to the contralateral
striatum, partially rescuing the defect
(Fig. 2.45C).
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Figure 2.45 Spontaneous excitatory post-synaptic currents analysis in R6/2 mice following hNSREBP2

over-expression

A. Spontaneous EPSCs were recorded from striatal MSNs at a holding potential of -70 mV.
B-C. Average amplitude (B) and average frequency (C) of EPSCs from wt and R6/2-hBP2 mice MSNs.
Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (*p<0.01; ***p<0.001; ****p<0.0001).
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To test the effect of glial over-
expression of hSREBP2 on the
inhibitory synapses, we recorded
spontaneous inhibitory  synaptic
currents (sIPSCs) in brain slices
from of R6/2-hBP2 mice, comparing
the contralateral and the infused
hemisphere (Fig. 2.46A). The
average amplitude of sIPSCs was
not affected by glial-cholesterol
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Results and Discussion

production and it was similar between
the analyzed groups (Fig. 2.46B).
glial
triggered a significant

However, over-expression of
hSREBP2
reduction in the average frequency
of sIPSCs in the infused hemisphere
compared to the contralateral one,
bringing this parameter similar to the
one measured in wild-type mice (Fig.

2.46C).

C sIPSCs (frequency)
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Figure 2.46 Spontaneous inhibitory post-synaptic currents analysis in R6/2 mice following hNSREBP2

over-expression

A. Spontaneous IPSCs were recorded from striatal MSNs at a holding potential of 0 mV.
B-C. Average amplitude (B) and average frequency (C) of IPSCs from wt and R6/2-hBP2 mice MSNS.
Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (****p<0.0001).
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Taken together, these results
demonstrated that the over-expression
of glial SREBP2 acts differentially on
excitatory and inhibitory synapses.
In particular, we found that increased
cholesterol synthesis partially rescued
excitatory  synaptic  transmission
while the recovery of the GABAergic
suggesting

circuit-specific signaling mechanisms

frequency was total,

in which cholesterol may act differently

2.11 Glial hNSREBP2 restores
behavioral deficits in R6/2 mice

To assess whether the rescue of
synaptic activity was correlated to
a beneficial effect on the motor and
cognitive deficits that characterize R6/2
mice, we performed two independent
behavioral trials with the following
experimental groups:

- n = 13 wild-type mice infected with
AAV2/5-gfaABC1D-TdTomato (wt-
Tom)

- n =15 R6/2 mice infected with
AAV2/5-gfaABC1D-TdTomato (R6/2-

Results and Discussion

Distance (11 ws)

AAV2/5-gfaABC1D-hSREBP2-
TdTomato (R6/2-hBP2)
Mice were infected at 7 weeks of age
and behavioral tests were performed 4
weeks after the infection.
As expected, at 11 weeks of age
R6/2-Tom mice showed reduced
global activity compared to wild-type
littermates. Furthermore, the total
distance travelled in one hour and the
number of rearing in the activity cage
test were reduced respect to wild-type
controls. Of note, glial over-expression
of h\SREBP2 led to slight but significant
rescue of these parameters (Fig.
2.47A-C). To evaluate anxiety-related
behavior, we also measured the time
that mice spent exploring the periphery
or center area of the arena during
the activity cage test (Fig. 2.47D). As
expected, R6/2-Tom mice spent more
time in the periphery compared to wt-
Tom mice, indicating increased anxiety.
Of note, the behavior of R6/2-hBP2
mice was similar to the one of wt-Tom
mice, indicating that glial cholesterol
has a beneficial effect on this feature
(Fig. 2.47E).
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Results and Discussion

R6/2-hBP2

Figure 2.47 Motor abilities of R6/2 mice following hNSREBP2 over-expression

A-C. Global motor activity (A), total distance travelled (B), and number of rearings (C) in an open-field test
at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=14), and R6/2-hBP2 (n=13).

D-E. Representative track plots (D) generated from the open-field test from wt-Tom (n=13), R6/2-Tom (n=14),
and R6/2-hBP2 (n=13) and relative quantification (E) of the time spent in the center and in the periphery (%)

of the arena at 11 weeks of age.

Data are shown as scatterplot graphs with means + SEM. Each dot corresponds to the value obtained from

each animal.

Statistics: one-way ANOVA with Newman—-Keuls post-hoc test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001)

or unpaired Student t-test (#p<0.05; ##p<0.01).

When we evaluated the muscular
strength of mice, we observed reduced
strength in R6/2-Tom mice compared
to wt-Tom mice. Importantly,
over-expression of hSREBP2 has a
beneficial effect on this phenotype
(Fig. 2.48A).

Then, we performed the paw clasping

glial

test to study the clasping behavior of
mice as index of neuronal dysfunction.
R6/2-Tom
performance compared to wt-Tom and

mice had a worst

the treatment did not influence this
parameter (Fig. 2.48B).

Finally, to analyze the effect of
of endogenous
cholesterol synthesis on the cognitive
decline of R6/2 mice we performed the
NOR test: R6/2-Tom mice were not

able to discriminate the novel object

the enhancement

respect to the familiar one compared
to wt-Tom and glial over-expression
of hSREBP2 completely

cognitive decline (Fig. 2.48C).

rescued
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Results and Discussion

Taken  together these results cholesterol synthesis is sufficient to
demonstrated that glial over- prevent cognitive and motor decline of
expression of hSREBP2 leading to  HD mice.

the enhancement of endogenous
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Figure 2.48 Cognitive and motor abilities of R6/2 mice following hNSREBP2 over-expression

A. Grip strength (grams) at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=15), and R6/2-hBP2 (n=13).

B. Paw clasping at 11 weeks of age in wt-Tom (n=13), R6/2-Tom (n=15), and R6/2-hBP2 (n=13).

C. Discrimination index (DI %) in the novel object recognition test of wt-Tom (n=12), R6/2-Tom (n=15), and
R6/2-hBP2 (n=13) at 11 weeks of age. DI above zero indicates a preference for the novel object; DI below
zero indicates a preference for the familiar object.

Data are shown as scatterplot graphs with means £ SEM. Each dot corresponds to the value obtained from
each animal.

Statistics: one-way ANOVA with Newman-Keuls post-hoc test (***p<0.001; ****p<0.0001).
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3. Conclusions and Future

Perspectives
In this project, we evaluated the
importance  of
strategies as emerging therapeutic

cholesterol-based

approach for HD patients.

First of all, we characterized a new
generation of polymeric nanoparticles
(g7-NPs-chol_2.0) in R6/2 mice
to evaluate their safety for clinical
their
efficacy. We demonstrated that g7-

translation and therapeutic
NPs-chol 2.0 are a valuable tool to
deliver cholesterol to the brain of HD
mice. By performing pharmacokinetic
that
cholesterol is slowly released from the

experiments, we showed
injected nanoparticles (around 10%
in 2 weeks) and it accumulates in the
brain over time, while it decreased in
peripheral tissues and in blood. By
comparing g7-NPs-chol_1.0 with g7-
NPs-chol_2.0, we have confirmed
that a high dose of cholesterol is
needed to have a positive feedback to
stimulate the endogenous synthesis
of cholesterol, restoring the primary
defect of cholesterol metabolism in
HD. In accordance, only the high
amount of cholesterol delivered with
g7-NPs-chol_ 2.0 led to a partial
rescue of motor abilities in R6/2 mice
at 9 weeks of age but higher doses are
needed to completely counteract the
defect when the phenotype worsen,
confirming that the beneficial effect of

Conclusion and Future Perspectives

exogenous cholesterol on motor, but
not on cognitive phenotype, is dose-
dependent.

Importantly, we have confirmed these
results using the zQ175DN knock
in mice, with a milder and longer
phenotype compared to R6/2 mice,
more resembling the human HD
condition and enabling to perform long-
term and cyclic treatments. We have
shown that a single cycle of treatment
with  g7-NPs-chol_2.0 is sufficient
to rescue HD-related behavioral
defects. Furthermore, the delivery of
cholesterol with cyclic treatments of
g7-NPs-chol_2.0 exerts a long-term
effect on mice behavior.

Given these promising results, in
collaboration with G. Tosi (University
of Modena), we are now working on
the development of a third generation
of nanoparticles (g7-NPs-chol_3.0)
with a different formulation that will
enable to deliver higher amount of
cholesterol. This will allow us to deliver
the maximum amount of cholesterol
and to reduce the number of injections/
week to minimize handling stress in
mice. Furthermore, the components of
g7-NPs-chol_3.0 will speed the kinetic
of cholesterol release from NPs, which
will be easily available for neurons.

To gain more
mechanism
dysfunction in HD, we took advantage
of a gene therapy approach consisting
in unilateral intra-striatal injection of a

information on the

underlying cholesterol
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recombinant adeno-associated virus
2/5 targeting astrocytes and carrying
the N-terminal fragment of human
SREBP2 (hSREBP2) to restore the
endogenous synthesis of cholesterol.
We found thathSREBP2 was functional
as it was able to increase mRNA level
of key cholesterol biosynthetic genes
and to normalize brain endogenous
cholesterol biosynthesis R6/2 mice.

In the brain, astrocytes are important
regulatory cells. Theyregulate neuronal
and synaptic function by responding
to neurotransmitters and by releasing
gliotransmitters/molecules at tripartite
synapses (241), which suggests that
they have anactiveinvolvementinbrain
function and behavior. Over the time,
several studies have been conducted
on astrocyte-neuron interactions to
analyze the role of astrocyte activity
on neuronal function.

In HD, there is an evident and well-
studied cross-talk between astrocytes
and neurons regarding cholesterol
production and impairmentin astrocytic
cholesterol negatively
impact on properties.
Accordingly, astrocytes derived from
R6/2 mice secreted lower amount of

synthesis
neuronal

cholesterol bound to ApoE lipoproteins
in the culture medium, leading to a
reduced availability of cholesterol
for HD neurons that in turns affected
neurite outgrowth and synaptic related
properties (150). Furthermore, glia-
(GCM)

conditioned medium from

Conclusion and Future Perspectives

wild-type astrocytes rescued neurite
outgrowth defect in NS-derived HD
neurons, confirming the importance of
astrocytes.
Recently, the effects of selective
astrocytic stimulation on synaptic
plasticity and memory has been
investigated by over-expressing in the
hippocampal astrocytes the hM3Dq
DREADD, an engineered receptor that
activates astrocytes upon stimulation
with clozapine-N-oxide (CNO) (242).
Interestingly they have shown that, in
presence of CNO, astrocyte calcium
activity and synaptic transmission were
enhanced. Of note, the enhancement
persisted over the time, suggesting
that astrocyte activation is sufficient
to induce long-term potentiation (LTP)
of synapses. Furthermore, they have
shown that this LTP is dependent on
NMDA receptors.

Several evidences suggest that
cholesterol depletion prevents NMDA-
dependent Ca2+ influx in neuronal
(243) and inhibits NMDA-
induced hippocampal LTP (244).

Accordingly, age-dependent decrease

cells

in hippocampal cholesterol content,
leads to deficits in glutamate receptor
internalization and consequent long-
term depression (LTD) impairment,

through a mechanism mediated

by PI3K/Akt. Intracerebral infusion
of cholesterol rescues age-related
hippocampal LTD decrease and
improves hippocampal-related
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learning and memory processes in
aging animals (166). Since LTP is
commonly associated to enhanced
memory and learning and since we
have measured increased NMDA
receptors level in synaptosomes of
R6/2-hBP2 mice compared to R6/2-
Tom, improved NORT performance of
R6/2-hBP2 mice may be explained by
astrocytic stimulation after hSREBP2
over-expression.

Furthermore, glial-derived cholesterol,
together with the restoration of
cholesterol biosynthetic pathway may
also explain the reduction of muHTT
aggregates that we have observed in
R6/2-hBP2 mice. It is known from the
literature that cholesterol precursors
stimulate autophagy leading di
decreased protein aggregation in
some neurodegenerative diseases
(238) including Parkinson’s disease
(236). Furthermore, SREBP2 is linked
to stimulation of mTORC1 activity
(245) leading to increased clearance
pathways.

Finally, we have shown that glial
hSREBP2 acts in a non-cell
autonomous manner on neurons,
normalizing the number of DRD2-
positive MSNs. It would be of interest

Materials and Methods

to analyze whether this rescue is due
to a closer contact between neurons
and astrocytes. Accordingly, it has
been demonstrated in vivo using the
neuron-astrocyte proximity assay that
astrocytes from R6/2 mice displayed
smaller territories compared to wild-
type astrocytes.

Furthermore, of the
most proximate astrocyte processes

the number

to cortical inputs are decreased in
symptomatic R6/2 mice, whereas this
parameter is increased for thalamic
inputs. Interestingly, these changes
occurred before loss of cortical and
thalamic presynaptic vGlut1 and
vGlut2 assessed by immunostaining
(246).
Given these promising results, it would
also be interesting to perform long-
term studies using zQ175DN knock-in
mice, which would allow longer periods
of viral infection.
Overall, results from our studies aimed
at delivering exogenous cholesterol
or at endogenous
highlighted
of brain

normalizing
cholesterol  synthesis

the therapeutic potential
cholesterol in contrasting disease-
related neurobehavioral impairments

in two different mouse model of HD.
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4. Materials and Methods

4.1 Mice colony management

All animal experiments were approved
and carried out in accordance with
Italian Governing Law (D. Lgs 26/2014;
Authorization n.324/2015-PR issued
May 6, 2015 by Ministry of Health and
Authorization n.581/2019-PR issued
July 29, 2019 by Ministry of Health);
the NIH Guide for the Care and Use of
Laboratory Animals (2011 edition) and
EU directives and guidelines (EEC
Council Directive 2010/63/UE).
Our R6/2 lifespan
approximately of 12-13 weeks and

colony was
only males were used to maintain it
(131). Transgenic 6-week-old R6/2
males were mated with wild-type
females (B6CBAF1/J, purchased from
Charles River). CAG repeat length that
could affect strain productivity, general
behavior,
genotype frequency, phenotype was
monitored every 6 months with a range
between 150-180 CAGs.
zQ175DN mice colony (213) was
using  both
heterozygous mice.
6-week-old zQ175DN
mice were mated with wild-type mice
(C57BL6/J, purchased from Charles
River).
Drd2-GFP colony was generated
in 2003 by the GENSAT (Gene
Expression Nervous System Atlas)
project at Rockefeller University in

litter size, pup survival,

maintained males
and females

Accordingly,

Materials and Methods

New York (247). Primary labelling
was found to occur in DRD2 positive
MSNs from the indirect basal ganglia
pathway. In this work, 6-week-old Drd2
females were crossed with 6-week-old
R6/2 males in order to label in vivo
DRD2-expressing MSNs in an HD
context.

For all the colonies, mice were weaned
and then genotyped at 3 weeks of age
(+/- 3 days). Mice were housed under
standard conditions in enriched cage
(22 £ 1°C, 60% relative humidity, 12
hours light/dark schedule, 3—4 mice/
cage, with food and water ad libitum).
After PCR genotyping (131, 247), male
and female mice were included and
randomly divided into experimental
groups. Littermates were included as
controls.

4.2 Mice treatment
4.2.1 NPs injections
The chemico-physical
concentration and

properties,
cholesterol
amount in g7-NPs used in this work,
provided and characterized by G. Tosi
(University of Modena and Reggio
Emilia), are described in Table 1.2
(paragraph 1.5.4).

For biodistribution studies (paragraph
2.1),
(paragraph 2.2.1)
analysis (paragraph 2.2.2), 7-week-

cholesterol release study

and quantitative

old wild-type or R6/2 mice were
treated with 1 or 3 |.P. injections. For
all the other experiments, R6/2 mice
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were treated with 2 |.P. injections at
week, from 5 to 9 weeks of age. With
zQ175DN mice, cyclic treatments
were performed. As well as for R6/2
mice, each cycle of treatment lasted
5 weeks in which mice received 2 |.P.
injections/week. In the first cycle, mice
were treated from 5 to 9 weeks of age
(pre-symptomatic stage); the second
cycle of treatment was performed from
21 to 25 weeks of age (symptomatic
stage). In all the experiments, mice
received 660 ug of cholesterol in each
injection.

4.2.2 Viral injection

Avertin 100% was prepared diluting
5 g of 2,2,2-Tribromoethanol (Sigma
Aldrich, #T48402-25G) in 5 mL of
2-methyl-2-butanol (Sigma Aldrich,
#240486). were  deeply
anesthetized using 15 L of Avertin
2.5% per gram of body weight. Once
responses to tail/toe pinches and

Mice

intactness of the ocular reflex were
assessed, scalp was shaved, and
mice were placed into a stereotaxic
apparatus (2-Biological Instrument).
The virus of interest was injected by
implantation of a borosilicate glass
into the

needle right striatum of

pre-symptomatic 7-week-old mice
via stereotaxic surgery using an
automated infusion syringe pump (KD
Scientific, KDS100), on which a 50 pL
Gastight Syringe Model 1705 TLL with

PTFE Luer Lock (Hamilton, 80920)

Materials and Methods

could be mounted (248). The following
coordinates were used: 2 mm lateral to
midline, 0.74 mm rostral to the bregma,
3.5 mm ventral to the skull surface;
from Paxinos G and Watson C. The
Rat Brain in Stereotaxic Coordinates.
Academic Press, San Diego. The rate
of injection was 12 pL/h with a total
volume of 2 pL.

Following surgery, mice were removed
from the stereotaxic apparatus and
placed on a warm cover to awaken
from anesthesia. Post-operative pain
and distress were monitored using a
specific table for pain scoring based on
behavioral indicators of well-being and
monitoring mice body weight (249).

4.3 Immunohistochemistry

4.3.1 In vivo analysis of biodistribution
and cholesterol release of g7-NPs-
chol 2.0

Mice were deeply anesthetized by
[.P. injection of Avertin 2.5% and
transcardially perfused with PFA 4%.
Brains, lungs and liver were post-
fixed for 2h in the same solution at
4°C (not longer to avoid fluorescence
bleaching) and then in 30% sucrose
to prevent ice crystal damage during
freezing in OCT. 15 pm-thick brain
coronal sections or lung and liver
sections were counterstained with the
nuclear dye Hoechst 33258 (1:10.000,
Invitrogen) and then mounted under
cover slips using Vectashield (Vector

Laboratories). The  fluorescence
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signals of cy5 and bodipy-cholesterol = markers, 15 um-thick brain coronal

were acquired the following day. sections were incubated with primary

To analyze the co-localization of g7-  antibodies described in Table 4.1 for

NPs-chol_2.0 with neuronal and glial  3h at RT:
Antibody Host Dilution Producer Catalogue
number
DARPP32 Rabbit 1:100 Cell Signalling 2306
NeuN Mouse 1:100 Millipore MAB377
GFAP Rabbit 1:250 Dako 70334
IBA1 Rabbit 1:100 Wako 019-1971

Table 4.1 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number.

Anti-rabbitAlexa Fluor488-conjugated
goat secondary antibodies (1:500;
Invitrogen) or anti-mouse Alexa Fluor
488-conjugated goat secondary
antibodies (1:500; Invitrogen) were
used for detection (1h at RT). Sections
were counterstained with the nuclear
dye Hoechst 33258 (1:10.000,
Invitrogen) and then mounted under
cover slips using Vectashield (Vector
Laboratories).

4.3.2 Viral spread and tropism
Mice were deeply anesthetized by

[.P. injection of Avertin 2.5% and
transcardially perfused with PFA 4%.
Brains were post-fixed overnight in
the same solution at 4°C and then in
30% sucrose to prevent ice crystal
damage during freezing in OCT.
Immunohistochemistry was
performed on 15 ym coronal sections
or on free-floating 30 um coronal
sections. Epitopes were demasked at
98°C with NaCitrate 10 mM and then
slices were incubated with primary
antibodies described in Table 4.2 for
3h at RT:

Antibody Host Dilution Producer Catalogue
number

SREBP2 Mouse 1:100 Ls-Bio LS-C179708
RFP Mouse 1:100 Thermo Fisher MA5-15257
RFP Rabbit 1:100 MBL PM005
DARPP32 Rabbit 1:100 Cell Signalling 2306
NeuN Mouse 1:100 Millipore MAB377
GFAP Rabbit 1:250 Dako 70334
IBA1 Rabbit 1:100 Wako 019-1971

Table 4.2 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number.

Anti-rabbit Alexa Fluor 568-conjugated
goat secondary antibodies (1:500;
Invitrogen), anti-rabbit Alexa Fluor 633-
conjugated goat secondary antibodies
(1:500; Invitrogen) or anti-mouse Alexa
Fluor 488-conjugated goat secondary

antibodies (1:500; Invitrogen) were used
for detection (1h at RT). Sections were
counterstained with the nuclear dye
Hoechst 33258 (1:10.000, Invitrogen)
and then mounted under cover slips
using Vectashield (Vector Laboratories).
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4.3.3 Mutant Huntingtin (muHTT)
aggregates analysis

Mice were deeply anesthetized by
I.P. injection of Avertin 2.5% and
transcardially perfused with PFA 4%.
Brains were post-fixed overnight in
the same solution at 4°C and then in
30% sucrose to prevent ice crystal

Materials and Methods

damage during freezing in OCT.
Immunohistochemistry
performed on

was
15 wum coronal
sections. Epitopes were demasked at
98°C with NaCitrate 10 mM and then
slices were incubated with primary
antibodies described in Table 4.3 for

3h at RT:

Antibody Host

Dilution

Catalogue

Producer
number

EM48 Mouse

Millipore MAB5374

Table 4.3 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number.

488-
conjugated goat secondary antibodies
(1:500;
detection (1h at RT). Sections were

Anti-mouse Alexa Fluor

Invitrogen) were used for
counterstained with the nuclear

33258 (1:10.000,
Invitrogen) and then mounted under

dye Hoechst

cover slips using Vectashield (Vector
Laboratories).

4.4 Image acquisition and
quantification

4.4.1 In vivo analysis of biodistribution
and cholesterol release of g7-NPs-
chol_2.0
To study the Dbiodistribution and
cholesterol g7-NPs-
chol 2.0, confocal images were
acquired with a LEICA SP5 laser

scanning confocal microscope. Laser

release of

intensity and detector gain were
maintained constant for all images
and 3-z steps images were acquired

at 40x.

To quantify the number of g7-NPs-
chol 2.0 in each tissue, Imaged
software was used to measure the
fluorescence of cy5. Images were
divided into three-color channels and
the same global threshold was set
(n=4 images/mouse/tissue).

To quantify the released bodipy
cholesterol from g7-NPs-chol_2.0,
Volocity software was used using the
plug-in “find objects” and “calculate
object (n=6
mouse/tissue).

correlation” images/

4.4.2 Viral spread and tropism

To study the spread of the viruses,
large images were acquired with a
Nikon Crest X-Light V2 microscope at
4x. To study the tropism of the viruses,
confocal images were acquired
with a LEICA SP5 laser scanning
confocal microscope. Laser intensity
and detector gain were maintained
constant for all images and 3 to 10-z
steps images were acquired at 40x.
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4.4.3 Mutant Huntingtin (muHTT)
aggregates

To count muHTT aggregates, confocal
imageswereacquiredwithaLEICASPS
laser scanning confocal microscope.
Laser intensity and detector gain were
maintained constant for all images and
5 to 10-z steps images were acquired
at 40x. To count aggregates in the
brain of AAV-treated mice, 18 images/
mice from 9 sections throughout the
infused and the contralateral striatum
were taken. To quantify the number
and the size of aggregates, ImageJ
software was used to measure the
fluorescence. Images were divided
into three-color channels and the
same global threshold was set.

4.5 Quantification analysis of d6-
cholesterol

To quantify the amount of cholesterol
released from g7-NPs-chol_1.0 and
g7-NPs-chol_2.0, mice were deeply
anesthetized by I.P. injection of Avertin
2.5%. Blood was collected from the
venus sinus in a tube containing
20 pL of heparin and centrifuged at
13.000 rpm at 4°C for 15 minutes
to collect the plasma. Mice were
transcardially perfused with PBS to
avoid the contamination of cholesterol
from the periphery. Striatum, cortex,
cerebellum, lung, liver and kidney
were collected and immediately frozen
on dry ice. Mass spectrometry analysis
were performed in collaboration with

Materials and Methods

M. Negri Institute (M. Salmona group)
as described in 224.

4.6 Gas chromatography-mass
spectrometry (GC-MS) analysis for
neutral sterols and 24S-OHC

To quantify the amount of neutral
sterols and 24S-OHC, mice were
deeply anesthetized by I.P. injection
of Avertin 2.5% and transcardially
perfused with PBS to avoid the
contamination of cholesterol from the
periphery. Striatum and cortex were
collected and immediately frozen on
dry ice. Mass spectrometry analysis
were performed in collaboration with
C. Besta (V. Leoni and C. Caccia) as
described in 220.

4.7 Bioplex assay

Tomeasure cytokines and chemokines,
mice were deeply anesthetized by
I.P. injection of Avertin 2.5%. Blood
was collected from the venus sinus
in a tube containing 20 uL of heparin
and centrifuged at 13.000 rpm at 4°C
for 15 minutes to collect the plasma.
Tissues (striatum, cortex, and liver)
10 mg
of striatum, cortex and liver were

were isolated and frozen.
homogenize using a tissue grinder in
1 mL of lysing solution composed of
40 uL of factor 1, 20 uL of factor 2,
9990 uL of cell lysis buffer and 40 uL
of PMSF 500 mM (Bioplex® Cell Lysis
Kit, Biorad, #171304011). The lysate
was frozen at -80°C for 2 minutes and
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then, following thawing on ice, it was
sonicated at 40% for 20 seconds and
centrifuged at 4.500 rcf at 4°C for 4
minutes to collect the supernatant.
The supernatant was quantified using
DC™ Protein Assay Kit | (Biorad,
#5000111) and samples were diluted
to a final concentration of 500 ug/mL.
To perform the Bioplex assay, 150 uL
of assay buffer were added to 150 uL
of samples.

Concerning the plasma, samples were
centrifuged at 1.500 rcf at 4°C for 5
minutes. 60 uL of assay buffer and 120
uL of sample diluent were added to 60
uL of plasma.

Cytokines level was measured by using
a Bioplex murine cytokine 23-Plex
assay kit (Biorad, #M60009RDPD)
which evaluated the level of: Eotaxin,
IL-1a, IL-1b, IL-2, IL- 3, IL-4, IL-5, IL-
6, IL-9, IL-10, IL-12(p40), IL-12(p70),
IL-13, IL-17, TNF-alpha, granulocyte
colony-stimulating (G-CSF),
granulocyte/macrophage colony-
(GM-CSF), IFN-
gamma, KC, RANTES, macrophage
inflammatory protein (MIP-1a and
MIP-1b) and monocyte chemotactic
protein-1.

factor

stimulating factor

Briefly, magnetic beads were added to
a 96-well plate which was fixed on a
handheld magnetic washer. Samples
were added and the plate was shacked
at 300 rpm for 30 minutes at room
temperature. After 3 washing steps,
detection antibodies were added, and

Materials and Methods

the plate was shacked at 300 rpm
for 30 minutes at room temperature.
After 3 washing steps, streptavidin-
PE was added, and the plate was
shacked at 300 rpm for 10 minutes
at room temperature. After 3 washing
steps, assay buffer was added and
the cytokines level was read on the
Luminex 200 System, Multiplex Bio-
Assay Analyzer and quantified based
on standard curves for each cytokine
in the concentration range of 1-32,000
pg/mL.

4.8 RNA extraction and gRT-PCR

Mice were sacrificed by cervical
dislocation and tissues were isolated
Total RNA from the
infused striatum and the ipsi-lateral
cortex of treated mice was isolated
with Trizol reagent according to the
manufacture’s instruction (Thermo
Fisher, #15596026). To check the
quality of the extracted RNA, total RNA
was run on an agarose gel 1%. The
genomic DNA present in the extracted

and frozen.

RNA samples was digested using
the Ambion® DNA-free™ Kit: DNase
Treatment and Removal
(Invitrogen, #AM1906).

Template cDNA was prepared by
reverse transcription of 500 ng of RNA
using the iScript cDNA synthesis kit
(BioRad, #1708891). Two different
reverse transcription were performed.

Reagents

For each reverse-transcribed product,
one or two real-time PCR analyses
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were performed for each of the
CFX96

gene expressions.

analyzed genes. real-Time  Reactions were performed

described in the Table 4.4:

as

System (BioRad) was used to evaluate

Reagent Producer Catalogue Volume
number
cDNA / / 5L
SsoFast™ EvaGreen® Supermix Biorad 172-5204 7,5 UL
Fw Primer Eurofins / 0,5 uM
Rv Primer Eurofins / 0,5 uM
Nuclease-free water Sigma Aldrich W4502 1,5 L

Table 4.4 Reagents used for qRT-PCR
List of the reagents used in this study to perform qRT-PCR.

Thermocycling

designed as

conditions were

follows:

- enzyme activation at 98°C for 1 min;

- 40 cycles of denaturation at 98°C for

- annealing/extension at Ta for 10 sec;
- melting curve from 65° to 95°C by
raising T of 1° every 0.5 sec.

Table 4.5 summarizes the primer

10 sec; sequences used in this work.
Melting Annealing
Primer Sequence Temperature Temperature PCB product
o o size (bp)
(°C) (°C)
mb-Actin-FW AGTGTGACGTTGACATCCGTA 57,9 60 112
mb-Actin-RV GCCAGAGCAGTAATCTCCTTCT 60,3
tdTomato-FW CACCACCTGTTCCTGGGG 60,5 57 89
tdTomato-RV ATGACGGCCATGTTGTTGTC 57,3
hSREBP2-FW GTACAGCCGGTCACCATTCA 59,4 60 74
hSREBP2-RV CCATTGGCCGTTTGTGTCAG 59,4
mSREBP2-FW [GCCTCTCCTTTAACCCCTTG 59,4 60 131
mSREBP2-RV CCAGTCAAACCAGCCCCCAG 63,5
mHMGCR-FW GGAGCATAGGCGGCTACA 58,2 60 191
mHMGCR-RV ACCACCCACGGTTCCTATCT 59,4
mMVK-FW CCCTCCTGAAGCCAGGTCTA 61,4 60 87
mMVK-RV TGGTCTCCCAGCAGTCAAAC 59,4
mFDFT1-FW ACTCAGCAGCAGCTTGAAGACC 62,1 60 152
mFDFT1-RV TGTCATCCTCCACTGTATCCAG 60,3
mCYP51-FW GGCAGAGCGCTTGGACTTTA 59,4 60 97
mCYP51-RV ATGACGCCCAGCTCCAAATG 59,4
mDHCR7-FW GCTTCCTGACTTCTGCCACA 59,4 57 86
mDHCR7-RV TGTTTACAACCCCTGCTGGA 57,3
mSCD2-FW GCCCACATACTGCAAGAG 56,0 60 116
mSCD2-RV CAGTGGTGAGAACTCTTTTCA 55,9
mABCA1-FW GTCAGCTGTTACTGGAAGTGG 59,8 60 108
mABCA1-RV CGCCGGGAGTTGGATAACGG 63,5
mAPOE-FW GACAGATCAGCTCGAGTGGC 61,4 60 170
mAPOE-RV CTTCCGTCATAGTGTCCTCCAT 60,3
mLRP1-FW AGGCCACCTCTGCAGCTGT 61,0 60 112
mLRP1-RV GCTGCGGATCTCGTTGTCATC 61,8
mCYP46A1-FW [|AGGACGATGAGGTTCTGCTGGA 62,1 60 175
mCYP46A1-RV [TCGTAGTCCAGGTGCCTCTT 59,4
mGLT1-FW TTGGTGCAGCCAGTATTCCC 59,4 60 119
mGLT1-RV TCTATCCAGCAGCCAGTCCA 59,4

Table 4.5 Primers used for qRT-PCR
List of the primers used in this study to perform qRT-PCR.
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4.9 Synaptosomes preparation and
Western Blot analysis

Mice were sacrificed by cervical
dislocation and tissues were isolated
and frozen. Synaptosomes were
purified from the infused striatum
and the ipsi-lateral cortex of treated
using Syn-PER Synaptic
Protein Extraction Reagent (Thermo
Fisher, #87793) accordingly to the
manufacturer instruction. Briefly, 10
mL of Syn-PER Reagent per gram
of tissue were added and tissues
ice. The
homogenate was centrifugedat1.200

mice

were homogenized on

rcf for 10 minutes at 4°C to pellet the
membrane fragments and nuclei.
The resulting supernatant, containing
the synaptosomes and the cytosolic
fraction, was centrifuged at 15,000
rcf for 20 minutes at 4°C to pellet
synaptosomes. The synaptosome

Materials and Methods

PER Reagent with a volume of 1-2
mL per gram of sample so that to
result in 3-4 pg/pL, as quantified
with Pierce™ BCA Protein Assay Kit
(Thermo Fisher, 23225).

Criterion TGX StainFree PrecastGels
with stacking gel 4% and resolving
gel either 7.5% (BioRad, #5678023)
or Any kD (BioRad, #5678123) were
used for Western Blot analysis.
After the electrophoretic run, the
precast gel was transferred into the
ChemiDoc MP System (BioRad) to
measure the total amount of protein
loaded in each
thanks to the stain-free technology,
by exploiting a proprietary trihalo
compound to enhance the
fluorescence of tryptophan amino
acids when exposed to UV light.
Membranes were

lane of the gel

incubated with
primary antibodies described in

pellet was resuspended in Syn-  Table 4.6 over night at 4°C:

Antibody Host Dilution Producer Catalogue
number

SREBP2 Rabbit 1:1000 Ls-Bio LS-B4695
RFP Rabbit 1:1000 MBL PMO005
SYP Mouse 1:500 Abcam AB8049
SNAP25 Mouse 1:1000 Abcam AB66066

VAMP1 Rabbit 1:1000 Abcam AB151712
PSD95 Mouse 1:1000 SySy 124011
SHANKS3 Rabbit 1:1000 SySy 162302
NMDAR1 Rabbit Millipore AB9864
GAPDH Rabbit 1:5000 Abcam AB37168

Table 4.6 Antibody used for the study

List of the antibodies used in this study, including host, dilution, producer, and catalogue number.

Goat anti-mouse IgG-HRP (1:3000;
BioRad, #1706516) or Goat anti-
rabbit IgG-HRP (1:3000; BioRad,
#1706515) were used for detection
(1h at RT). Proteins were detected

using Clarity Western ECL Substrate
(BioRad, #1705061) or SuperSignal
West Femto Maximum Sensitivity
Substrate (Thermo Fisher, #34096)
using ChemiDoc MP System (BioRad).
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The detected chemiluminescent signal
was quantified by a densitometric
analysis and proteins level
normalized using GAPDH (for the
cytosolic fraction) or using 6 different
protein bands of the stain-free (for

synaptosomes).

was

4.10 X-Clarity and 2-photon imaging
Mice were deeply anesthetized by
intraperitoneal injection of Avertin
2.5% and transcardially perfused
with PFA 4%. Brains were post-fixed
overnight in the same solution at 4°C.
Following washing to remove residual
PFA, brain slicing was performed with
a Leica VT1000S Vibrating blade
microtome (Leica Biosystems). From
each mouse, two 1-mm thick coronal
from
which the infused and the contra-

brain slices were obtained,

lateral striatum were isolated. Tissues
were clarified using the X-Clarity
system (Logos Biosystem) according
to manufacturer instructions. Briefly,
tissues were incubated in embedding
solution (Logos Biosystems, C13104)
at 4°C for 24 h and then transferred
in the X-CLARITY™ Polymerization
System at 37°C for 3 hours under
vacuum condition (-90kPa). To clarify
tissues,
Electrophoretic Tissue Clearing (ETC)
Solution (Logos Biosystems, C13001)
and incubated into the X-CLARITY™
Tissue Clearing System Il (Logos
Biosystems, C30001) chamber at 1.5

slices were rinsed with

Materials and Methods

A at 37°C for 2-3 hours.

The endogenous signal (GFP)
was acquired by using an A1 MP+
microscope (Nikon) in collaboration
with Alembic (San Raffaele Institute).
Images (approximately 400 pm of
z-stack with a z-step size of 5 um)
were acquired at 25x. For each slice,
2-3 images were acquired. To quantify
DRD2-positive neurons, images were
analyzed using the software NIS-
Elements (Nikon): a mask was applied
using a plugin for 3D reconstruction.
For each image, the number of cells
expressing GFP was normalized on
the z-stack acquired.

4.11 Behavioral tests
Animals were assigned
and sex was balanced in the various
experimental groups. All the behavioral
analyses were performed in blind.

randomly,

Activity cage and novel
recognition test was performed as
described in 220.

Grip strength test: mice were lifted by

object

the lower back and tail and lowered
towards the grip (Ugo Basile) until
the animal grabbed it with both front
paws. The animal was then lowered
toward the platform and gently pulled
straight back with consistent force
until it released its grip. The forelimb
grip force, measured in grams, was
recorded. The test was repeated for 5
times, and measures were averaged.
After testing, animals were placed
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back into their home cage.

Paw clasping test: mice were
suspended by the tail for 30 seconds
and the clasping phenotype was
graded according to the following
scale: level 0, no clasping; level 1,
one hindlimb retracted toward the
2, both hindlimbs

retracted toward the abdomen; level 3,

abdomen; level
both hindlimbs entirely retracted and
touching the abdomen. After testing,
animals were placed back into their
home cage.

4.12 Electrophysiological analysis

Experiments were performed in
collaboration with G. Biella (University
of Pavia) on submerged brain slices
obtained from adult mice (12 weeks
of age) 4 weeks after the infection into

the right striatum as described in 220.

Materials and Methods

4.13 Statistics

To pre-determine sample sizes, we
used G-power analysis based on
pilot or previous studies. Table 4.7
summarizes all the trials and read-outs
performed. Before analyzing data,
Grubbs’ test was applied to identify
outliers. Statistical analyses were
performed using Prism 8 (GraphPad
software).

Data are presented as means +
standard error of the mean (SEM).
For each set of data to be compared,
we determined whether data were
normally distributed or not to select
parametric or not parametric statistical
tests. The specific statistical test used
is indicated in the legend of all results
figures. Differences were considered
statistically if the p-value was less than

0.05.

NPs
Bio-distribution
analysis

Trial number

and date Experimental groups

Chol release:
quantitative

Chol release: Mass
quantitative spectrometry
analysis analysis

Behavioral
analysis

Bioplex
analysis
analysis

N mice

N mice N mice N mice N mice N mice

wt + cy5-g7-NPs-chol_2.0 MIX-1 10

1 - September 2017 [45-0 5-g7-NPs-chol 2.0 MIX-2 10
_ wt + cy5-g7-NPs-chol_2.0 MIX-1 10
2 - November 2017 [0 50 7-NPs-chol 2.0 MIX-2 10

wt + cy5-g7-NPs-bodipy-chol_2.0 MIX 1

3 - February 2018 wt + cy5-g7-NPs-bodipy-chol_2.0 MIX 2

R6/2 + cy5-g7-NPs-bodipy-chol_2.0 MIX 1

R6/2 + cy5-g7-NPs-bodipy-chol 2.0 MIX 2

©|o|o|©v

4 - May 2018 |R6/2 + g7-NPs-d6-chol_2.0 MIX-1 21
wt saline 3 10
5 - January 2019 [R6/2 saline 3 8
R6/2 + g7-NPs-chol 2.0 3 10
wt saline 5
R6/2 saline 4 4
6 - November 2019 [pe /5 7 NPs-chol 1.0 10
R6/2 + g7-NPs-chol_2.0 7 5

wt saline

18

7 - February 2020 Q175 saline

17

Q175 + g7-NPs-chol_2.0 (1 cycle)

Q175 + g7-NPs-chol_2.0 (2 cycles)
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Trial number
and date

Experimental
groups

Viral spread
and tropism

qRT-PCR
analysis

Western blot
analysis

Ephys
analysis

Drd2
quantificatio
n analysis

muHTT
analysis

Mass
spectrometry
analysis

Behavioral
analysis

N mice

N mice

N mice

N mice

N mice

N mice

N mice

N mice

1 - September 2017

wt-HSV

4

wt-Tom

R6/2-Tom

R6/2-hBP2

3
3
5

2 - November 2017

wt

R6/2

R6/2-Tom

N|w

w|w|w|w

R6/2-hBP2

3 - October 2018

wt-Tom

R6/2-Tom

R6/2-hBP2

E R

4 - December 2019

wi
R6/2-hBP2

IS

5 - January 2020

wt-Tom

©

R6/2-Tom

R6/2-hBP2

al|w

6 - February 2020

wt-Tom

R6/2-Tom

R6/2-hBP2

B R [9)]

7 - June 2020

wt-Tom

R6/2-Tom

R6/2-hBP2

BB

Table 4.7 List of the animals used for the study
Summary of all the trial performed and the animals used for this study.
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6. Appendix
6.1 Contribution to published articles

6.1.1 Efficacy of Cholesterol Nose-to-Brain Delivery for Brain Targeting in
Huntington’s disease

Alice Passoni, Monica Favagrossa, Laura Colombo, Renzo Bagnati, Marco
Gobbi, Luisa Diomede, Giulia Birolini, Eleonora Di Paolo, Marta Valenza, Elena
Cattaneo, and Mario Salmona

ACS Chemical Neuroscience 2020 11 (3), 367-372

DOI: 10.1021/acschemneuro.9b00581

The aim of this paper is to study the feasibility of intranasal delivery to supply
cholesterol to the brain of a transgenic mouse model of Huntington’s disease (e.qg.
R6/2 mice). Nose-to-brain delivery is a non-invasive strategy that is already used
in humans to deliver drugs to the brain bypassing the blood-brain barrier. Here,
we treated wild-type mice with a single/multiple intranasal dose of liposomes
loaded with cholesterol and we measured the exogenous cholesterol by mass
spectrometry in different brain areas and in mice plasma at different time point.

My contribution in this work included:

- maintenance of the R6/2 mice colony by mating, weaning and genotyping the
animals;

- intranasal administration of liposomes together with E.D.P and L.C_;

- mice sacrifice through intra-cardiac perfusion with saline solution;

- collection of plasma, striatum, cortex and cerebellum to perform mass
spectrometry analysis (Figures 1, 2 and 3).
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6.1.2 Striatal infusion of cholesterol promotes a dose-dependent behavioral
benefit and exerts disease-modifying effects in Huntington’s disease mice
Giulia Birolini, Marta Valenza, Eleonora Di Paolo, Elena Vezzoli, Francesca
Talpo, Claudia Maniezzi, Claudio Caccia, Valerio Leoni, Vittoria D. Bocchi, Paola
Conforti, Elisa Sogne, Lara Petricca, Cristina Cariulo, Margherita Verani, Andrea
Caricasole, Andrea Falqui, Gerardo Biella, Elena Cattaneo

EMBO Mol Med (accepted)

DOI: 10.15252/emmm.202012519

The aim of this paper is to identify an appropriate regimen to deliver cholesterol
to brain of HD mice to recover HD-related parameters. Accordingly, we used
osmotic-minipumps to infuse three escalating doses of cholesterol directly into the
striatum of HD mice in a continuous and rate-controlled manner and we performed
behavioral, functional and biochemical assays to study HD phenotypes.

My contribution in this work included:

- maintenance of the R6/2 mice colony by mating, weaning and genotyping the
animals;

- surgical implantation of osmotic minipumps together with E.D.P;;

- behavioral analysis including rotarod test, novel object recognition test and
activity cage test together with E.D.P. (Figure 1);

- mice sacrifice to perform subsequent analysis;

- preparation of brain slices to perform immuno-histochemical experiments;

- IHC for SREBP2, muHTT, p62 and LAMP1 (Figures 4, 5 and 6);

- acquisition of all the confocal images in the paper (SREBP2 translocation
analysis, muHTT aggregation analysis, p62/LAMP 1 analysis) with relative
quantification (Figures 4, 5 and 6).
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6.2 Contribution to in progress articles

6.2.1 SREBP?2 delivery to striatal astrocytes enhances brain cholesterol
biosynthesis defect and ameliorates pathological features in Huntington’s
disease

Giulia Birolini, Gianluca Verlengia, Francesca Talpo, Claudia Maniezzi, Lorena
Zentilin, Mauro Giacca, Paola Conforti, Claudio Caccia, Valerio Leoni, Franco
Taroni, Gerardo Biella, Michele Simonato, Elena Cattaneo, Marta Valenza
Manuscript ready to be submitted

The aim of this paper is to demonstrate in vivo the importance of SREBP2 for
brain cholesterol synthesis. Accordingly, we over-expressed the N-terminal active
fragment of hSREBP2 in striatal astrocytes of R6/2 mice using a recombinant
adeno-associated virus 2/5 (AAV2/5) to enhance in vivo endogenous cholesterol
biosynthesis.

My contribution in this work included:

- maintenance of the R6/2 mice colony by mating, weaning and genotyping the
animals;

- intra-striatal surgical infection of mice with AAV2/5 and HSV;

- behavioral analysis including rotarod test, novel object recognition test, activity
cage test, paw clasping test and grip strength test (Figure 5) together with M.V.;

- mice sacrifice and tissues isolation for subsequent experiments;

- brain slices preparation to performed immuno-histochemical experiments and
tissue clarification;

- IHC for viral spread and tropism and muHTT aggregates (Figures 1 and 4);

- acquisition of all the confocal images in the paper (viral spread and tropism,
muHTT aggregates analysis) with relative quantification (Figure 1 and 4);

- preparation of synaptosomes from cortico-striatal tissues and western blot
analysis to study the level of pre and postsynaptic proteins (Figure 2).
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6.2.2 Brain-targeted hybrid nanoparticles boost cholesterol delivery to the
central nervous system and rescues behavioral phenotypes in Huntington’s
disease

Giulia Birolini, llaria Ottonelli, Jason T. Duskey, Alice Passoni, Monica
Favagrossa, Claudio Caccia, Valerio Leoni, Laura Colombo, Mauro Bombaci,

Renzo Bagnati, Franco Taroni, Maria Angela Vandelli, Flavio Forni, Barbara
Ruozi, Mario Salmona, Giovanni Tosi, Marta Valenza, Elena Cattaneo
Manuscript ready to be submitted

The aim of this paper is to characterize in vivo g7-NPs-chol_2.0 and compare
them to g7-NPs-chol_1.0 used in Valenza et al. EMBO Mol Med, 2015. First of all,
nanoparticles distribution and cholesterol release have been studies. Then, we
evaluated the effect of the delivered cholesterol on the behavior of HD mice and
on the endogenous synthesis of cholesterol in their brain. Finally, we checked
central and systemic inflammation following chronic treatment.

My contribution in this work included:

- maintenance of the R6/2 mice colony by mating, weaning and genotyping the
animals;

- intraperitoneal injection of nanoparticles in R6/2 mice;

- behavioral analysis including rotarod test, novel object recognition test, activity
cage test, paw clasping test and grip strength test (Figure 5) together with M.V.;

- mice sacrifice and tissues isolation for subsequent experiments;

- brain slices preparation to performed immuno-histochemical experiments;

- IHC for nanoparticles biodistribution and cholesterol release (Figures 1 and 2);
- acquisition of all the confocal images in the paper (nanoparticles distribution and
cholesterol release) with relative quantification (Figures 1 and 2);

- preparation of samples (striatum, cortex, liver, and plasma) for Bioplex analysis
and relative quantification together with M.V. (Figure 6).
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ABSTRACT: The current pharmacological treatment of
Huntington’s disease (HD) is palliative, and therapies to
restore functions in patients are needed. One of the pathways
affected in HD involves brain cholesterol (Chol) synthesis,
which is essential for optimal synaptic transmission. Recently,
it was reported that in a HD mouse model, the delivery of
exogenous Chol to the brain with brain-permeable nano-
particles protected animals from cognitive decline and rescued
synaptic communication, indicating Chol as a therapeutic
candidate. We examined whether nose-to-brain delivery,
already used in human therapy, could be an alternative,
noninvasive strategy to deliver Chol to the adult brain and, in
the future, replenish Chol in the HD brain. We gave wild-type

[ Chol-D6 intranasal administration I

Olfactory Epithelium

Respiratory Epilhelium’

Trigeminal Nerve

Olfactory Nerve

Delivery of Chol-D6 to the Brain

(WT) mice a single intranasal (IN) dose of liposomes loaded with deuterium-labeled cholesterol (Chol-D6, to distinguish and
quantify the exogenous cholesterol from the native one) (200 ug Chol-D6/dose). After different intervals, Chol-D6 levels,
determined by LC-MS in plasma, striatum, cortex, and cerebellum, reached a steady-state concentration of 0.400 ng/mg
between 24 and 72 h. A subsequent acute study confirmed the kinetic profiles of Chol-D6 in all tissues, indicating
correspondence between the dose (two doses of 200 yg Chol-D6/dose) and the calculated brain area concentration (0.660 ng/
mg). Finally, in WT mice given repeated IN doses, the average Chol-D6 level after 24 h was about 1.5 ng/mg in all brain areas.
Our data indicate the effectiveness of IN Chol-loaded liposomes to deliver Chol in different brain regions, opening the way to

future investigations in HD mice.

KEYWORDS: Huntington’s disease, brain cholesterol, nose-to-brain delivery, intranasal administration, LC-MS analysis, liposomes

1. INTRODUCTION

The brain is the most cholesterol-rich organ as more than 70%
of cholesterol (Chol) is located in myelin sheaths, and the
remainder is a structural and functional component of glial and
neuronal membranes. Chol is located in specific membrane
microdomains, known as lipid rafts, that initiate, propagate,
and maintain signal transduction." In the adult brain, Chol
levels are maintained by local de novo synthesis because the
blood-brain barrier (BBB) prevents its uptake from the
circulation.” Synaptic transmission is sensitive to newly
synthesized Chol, so changes in Chol biosynthesis affect
vesicle formation, recycling, and fusion, as well as the activity
of neurotransmitter receptors.3_5

Several diseases have been linked to dyshomeostasis of brain
Chol production and degradation, including Huntington’s
disease (HD). HD is a dominantly inherited neurodegener-
ative disorder caused by an abnormal expansion of cytosine-
adenosine-guanine (CAG) repeats in the first exon of the IT1S

-4 ACS Publications  © 2019 American Chemical Society 367

gene, leading to the formation of a pathological polyQ tract (Q
> 40) in huntingtin (HTT) protein (The Huntington’s Disease
Collaborative Research Group, 1993). As a consequence,
neurons become dysfunctional and eventually die, leading to
choreiform movements, cognitive decline, and psychiatric
disturbance.”™® Different molecular and cellular dysfunctions
have been reported in HD cells and mouse models and in
human post-mortem material,”"° including alterations of brain
Chol biosynthesis.”’12 Chol precursors such as lanosterol,
lathosterol, and desmosterol and the enzymatic activity of 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
were found downregulated in the brain of several HD animal
models, already in the presymptomatic stage of the disease,
leading to a significantly lower Chol content at later
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times.">™ "> Chol treatment ameliorates neurite outgrowth

defects in HD neurons in vitro'® and brain-permeable
nanoparticles loaded with Chol prevent cognitive decline and
rescue synaptic dysfunction in HD mice,'” indicating a
relationship between neuronal function and exogenous Chol.

Targeting the brain with drugs or molecules that do not pass
the BBB (such as Chol) has always been challenging, and
noninvasive strategies are attractive. Most treatments for
central nervous system (CNS) disorders employ peripheral
drug administration, which is limited by the difficulty of drug
access to the CNS from the blood. Moreover, drugs given by
these routes incur the first-pass metabolism and systemic
clearance, which reduce their bioavailability."®

An alternative strategy for targeting CNS is nose-to-brain
delivery, which can overcome the BBB. The neuroepithelium
of the olfactory region is the only part of the body where the
peripheral environment is in direct contact with the brain."’
Olfactory and trigeminal nerve pathways mostly mediate drug
transport from the nasal cavity to the CNS. Through the
olfactory nerve pathway, a drug crosses the cribriform plate
and reaches the olfactory bulbs and the deeper part of the
brain. Meanwhile, through the trigeminal nerve pathway, the
drug is transported mostly to the pons and cerebrum, and to a
lesser extent to the frontal and olfactory brain. Pathways
involving vasculature, cerebrospinal fluid and lymphatic system
all enrich the transport of molecules from the nasal cavity to
the CNS.**

Thus, the aim of this work was to explore the potential of
intranasal (IN) Chol-D6-loaded liposomes as a noninvasive
strategy for Chol delivery into the HD brain. We report
quantifiable levels of Chol-D6 after acute and repeated IN
treatments. We also found that Chol-D6 distributes evenly and
accumulates in the brain of WT and HD mice, paving the way
for further preclinical investigations. In addition, to quantify
the brain distribution of exogenous Chol, we developed a
liquid chromatography mass spectrometry (LC-MS)-based
method, validated according to the European Medicine Agency
(EMA) guidelines,”” in plasma and brain.

2. RESULTS AND DISCUSSION

2.1. Development and Validation of the LC-MS
Method. Validation data are reported in detail in the
Supplementary Results.

2.2. Acute Treatments of 8-Week-Old WT and HD
Mice. To assess the efficacy of IN delivery of Chol into the
brain, we initially gave 8-week-old WT mice an acute dose of
Chol-D6-loaded liposomes (200 ug/mouse); animals were
then euthanized after 1, 3, 6, 24, 48, and 72 h (3 animals/time-
point). Chol-D6 concentrations were measured in plasma and
three brain areas (Figure 1). Plasma concentrations reached a
maximum of 2417 = 313 ng/mL (mean = SD) after 24 h,
declining to 839 + 76 ng/mL (mean + SD) at 72 h. In the
brain areas, Chol-D6 levels rose in the first 24 h but, unlike in
plasma, did not decline, and they remained stable until 72 h.
These data suggest a slow elimination rate in the brain.

We then ran an acute study to confirm the passage of the
BBB and assess the relationship between administered dose
and concentrations in plasma and different brain areas in WT
and HD mice. Eight-week-old WT and HD mice were treated
with two IN doses of 200 yug/mouse of Chol-D6, S h apart (S
mice/time point/genotype), and were euthanized 3, 24, 48,
and 72 h after the second dose. Plasma concentrations reached
a maximum of 4350 + 1207 ng/mL (mean + SD) and 4760 +
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Figure 1. Chol-D6 levels in plasma (gray) (A), striatum (blue), cortex

(red) and cerebellum (green) (B) of WT mice after single intranasal

doses (connecting lines with error bars, mean + SD; n = 3/time
point).

703 ng/mL (mean + SD) after 24 h in HD and WT mice,
respectively. Plasma levels declined with similar kinetic profiles
in HD and WT mice to 1698 + 295 ng/mL (mean + SD; n =
7) after 72 h. There were no significant differences between
WT and HD mice since Chol-D6 had the same time-course

profiles (Figure 2).
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Figure 2. Chol-D6 levels in plasma (A), striatum (B), cortex (C), and
cerebellum (D) of WT and HD mice after two intranasal doses, each
with 200 pg/mouse, S h apart (means + SD; n = S/time-point/
genotype; blue, WT; red, HD).

Finally, we compared Chol-D6 levels at 24 h for single and
double IN doses in plasma and brain areas of WT mice. Chol-
D6 levels rose at least 61% after two IN doses, suggesting a
linear relationship with the dose. Interestingly, Chol-D6 levels
in the striatum rose 105% after two doses, confirming the
effectiveness of nose-to-brain delivery to the target tissue of
HD (Table 1).

2.3. Repeated Treatment in WT Mice. To assess the
accumulation of Chol-D6 in the brain after multiple IN doses,
we repeated the treatments of WT mice at 8 weeks of age with
Chol-Dé-loaded liposomes (200 ug/dose). Chol-D6 levels in
the striatum, cortex, and cerebellum were markedly higher after
a single dose, indicating accumulation in the brain (Figure 3).
With this schedule, Chol-D6 reached at least 1.5 ng/mg tissue
in all the brain areas. Statistical analysis showed no significant
differences in Chol-D6 levels in the brain areas after repeated
dosing, confirming homogeneous distribution of Chol-D6 in
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Table 1. Chol-D6 Levels 24 h after the Last IN Dose in WT Mice Given One or Two IN Doses

tissues 1IN
plasma (ng/mL) 2650 + 305
striatum (ng/mg) 0.416 + 0.176
cortex (ng/mg) 0.368 + 0.034
cerebellum (ng/mg) 0.400 + 0.022

2 IN % increase 2 IN over 1 IN
4760 + 703 79.6
0.853 + 0.095 105.0
0.594 + 0.118 61.4
0.694 + 0.179 73.5

“1 IN = one dose, 200 pg/dose; 2 IN = two doses, 5 h apart, 200 pg/dose; mean + SD.
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Figure 3. Chol-D6 levels in the striatum (A), cortex (B) and
cerebellum (C) in WT mice after acute or repeated intranasal
treatments. WT mice were treated every 2 days for 19 days (10 IN).
Two days after the ninth dose, four mice/genotype were euthanized
before the tenth treatment (PRE 9 IN). The remaining mice received
the tenth IN and were euthanized at 24 and 48 h after the treatment.
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the whole brain, suggesting both olfactory and trigeminal
pathways are involved. The connections between the nasal
cavity and the CNS through olfactory and trigeminal neurons
have already been described.'”*"** From the nasal olfactory
epithelium, drugs are taken up into neuronal cells and
transported to the olfactory bulb and the cerebrospinal fluid
through the olfactory nerve pathways. The trigeminal nerve
innervates both the olfactory and respiratory epithelium and
enters the CNS in the pons, leading the distribution of drugs in
the rostral brain.'””* These two pathways permit the
distribution of drugs to all brain areas. Our observations
confirm the efficacy of nose-to-brain Chol delivery as a
potential noninvasive approach to increase Chol availability in
the HD brain.

3. CONCLUSIONS

To develop a new therapeutic strategy for HD based on Chol
delivery to the brain, we set up an experimental approach to
investigate the efficacy of exogenous IN Chol. We based our
assumption on evidence that Chol biosynthesis is reduced in
HD mouse brains'""*~"> and that exogenous Chol can rescue
the HD phenotypes (ref 17 and unpublished data).
Importantly, nose-to-brain delivery is safe and noninvasive
and avoids hepatic first-pass metabolism. The nasal route for
delivery of drugs that otherwise could not cross the BBB could
be beneficial if translatable to clinical practice, and there are
already examples in the literature.”>™>*

In the present study, we also developed and validated
according to EMA guidelines, a new LC-MS method to
quantify the levels of exogenous Chol-D6 in brain areas and
plasma after single or repeated IN doses. Chol-D6 reached
measurable levels in the brain and persisted at least 72 h thanks
to its slow elimination rate (Figure 1). After two doses HD and
WT mice did not present any significant differences in Chol-
D6 distribution and accumulation. The final comparison of the
two acute treatments showed increases in Chol-D6 in plasma
and the brain areas, from 61% in cortex up to 105% in the
striatum. These results confirmed the effectiveness of nose-to-
brain delivery. The Chol-D6 levels rose most in the striatum,
the target tissue of HD (Table 1). Finally, Chol-D6 distributed
and accumulated without differences after 10 IN doses in
striatum, cortex, and cerebellum (Figure 3), indicating the
involvement of both olfactory and trigeminal pathways.

The experimental design in this initial approach provides a
detailed view of the effectiveness of the nose-to-brain delivery
of Chol. It could also help lay the basis for further preclinical
studies for evaluating the therapeutic potential of this approach
to supply Chol to neurons affected in HD.

4. MATERIALS AND METHODS

4.1. Standard and Chemicals. Deuterated cholesterol (Chol-
D6) (isotopic purity: 97 atom % D), phosphatidylcholine (PC), and
p-sitosterol were obtained from Sigma-Aldrich (St Louis, MO,
U.S.A.). LC-MS grade acetonitrile and formic acid were from Carlo
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Erba, Milan, Italy. LC-MS grade deionized water was obtained from
Milli-Ro 60 Water System, Millipore, Milford, MA, U.S.A. Chol-D6
and f-sitosterol, used as the internal standard (IS), were prepared as
stock solutions in methanol (MeOH) at 1 mg/mL. The Chol-D6
stock solution was diluted in MeOH to obtain a series of seven
working solutions for the construction of calibration curves, validation
and sample analysis. The IS stock solution was diluted to 5 yg/mL in
the same organic solvent. All solutions were stored at —20 °C until
use.

4.2. Liposomes. Chol-D6 was entrapped in oligolamellar, 280—
300 nm-wide liposomes, following the dehydration—rehydration
method.””*° Briefly, Chol-D6 and PC were dissolved in chloroform
at a 1:1 molar ratio. After solvent evaporation, the lipid film was
rehydrated with phosphate buffer solution (PBS) and ultracentrifuged
at 100 000g for 35 min at 4 °C to separate residual lipids. Liposomes
were resuspended with 10 mM phosphate-buffered saline, pH 7.4.
The concentration of Chol-D6 entrapped in liposomes was
determined by HPLC (System Gold instrument — Beckman)
equipped with an Eco Cart-LiChrospher 60 RP-select B column
(125 X 3 mm, particle size S um, pore size 60 A, Merck) at 214 nm.
Separation was done with isocratic elution at 100% methanol:isopro-
panol:NH,OH (70%:30%, S mM) for 12 min. The flow rate was 0.6
mL/min. Entrapment efficacy was +90%, and liposomes were diluted
to a final Chol-D6 concentration of 5.6 mg/mL.

4.3. Animal Model and Treatment Schedules. We used an
R6/2 colony generated to overexpress the first exon of the human
mutant huntingtin gene with approximately 144—150 CAG repeats.
The R6/2 line was genotyped by polzrmerase chain reaction (PCR) on
DNA from tail samples at weaning,”'

The IRFMN adheres to the principles set out in the following laws,
regulations, and policies governing the care and use of laboratory
animals: Italian Governing Law (D.lgs 26/2014; Authorisation n.19/
2008-A issued March 6, 2008 by Ministry of Health); Mario Negri
Institutional Regulations and Policies providing internal authorization
for persons conducting animal experiments (Quality Management
System Certificate — UNI EN ISO 9001:2015 — Reg. No. 6121); the
NIH Guide for the Care and Use of Laboratory Animals (2011
edition) and EU directives and guidelines (EEC Council Directive
2010/63/UE).

Liposomes were administered to mice by applying 6 uL of a 5.6
mg/mL solution three times to the inner surface of each nostril for a
total of 36 uL, corresponding to a final dose of 200 ug of Chol-D6/
mouse.*” For the first acute studies, 8-week-old wild-type (WT) mice
were euthanized 1, 3, 6, 24, 48, and 72 h after a single IN dose (3
mice/time point). For the acute study, 8-week-old WT and R6/2
mice were given two doses of 200 yg/mouse of Chol-D6, S h apart (S
mice/time point/genotype). Mice were euthanized 3, 24, 48, and 72 h
from the second IN treatment. For repeated treatments, 8-week-old
WT mice received 9 or 10 IN doses, once every 2 days (4 mice/time
point). One group of animals was euthanized 2 days after the ninth IN
treatment, while the others received the tenth IN dose and were
euthanized 24 and 48 h later. Blood samples were collected with the
anticoagulant K;EDTA, and plasma samples were obtained by
centrifugation at 2000g for 15 min. Brains were immediately removed
and striatum, cortex, and cerebellum were collected separately. All
samples were stored at —80 °C until LC-MS analysis.

4.4. LC-MS. Chol-D6 levels were determined using a 1200 Series
HPLC system (Agilent Technologies, Santa Clara, CA, U.S.A.)
interfaced to an API 5500 triple quadrupole mass spectrometer (Sciex,
Thornhill, Ontario, Canada). The mass spectrometer was equipped
with an atmospheric pressure chemical ionization (APCI) source
operating in positive ion and selected reaction monitoring (SRM)
mode to measure the product ions obtained in a collision cell from the
protonated [M — H,O ]* ions of the analytes. The transitions
identified during the optimization of the method were m/z 375.3—
152.1 (quantification transition) and m/z 375.3—167.1 (qualification
transition) for Chol-D6; m/z 397.3—147.1 (quantification transition)
and m/z 397.3—161.1 (qualification transition) for f-sitosterol as IS.
The ion source settings were as follows: nebulized current (NC) 3;
curtain gas (CUR) 30; collision gas (CAD) 7; source temperature 400
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°C; ion source gas 1 (GS1) 60 and gas 2 (GS2) 30. Chol-D6 and
beta-sitosterol were separated on a Gemini C18 column (50 X 2 mm;
S um particle size), using an isocratic gradient in methanol at 35 °C.

4.4.1. Sample Preparation. Plasma. Fifty microliters of plasma
was diluted with 200 L of ethanol containing 200 ng of IS. Samples
were vortexed and centrifuged at 13200 rpm for 1S min; 4 uL
aliquots of the supernatants were injected directly into the LC-MS
system.

Striatum, Cortex, and Cerebellum. Forty milligrams of each brain
area was homogenized in 1 mL of ethanol/water 4:1 (v/v), containing
500 ng of IS. Homogenates were centrifuged for 15 min at 13 200
rpm at 4 °C, and the supernatants were injected into the LC-MS
apparatus.

4.4.2. Validation. The LC-MS method was validated in mouse
plasma and brain tissue following EMA guidelines® (EMA). Accuracy
was determined by expressing the calculated concentration as a
percentage of the nominal concentration. Accuracy had to be within
15% of the nominal value for each concentration (+20% of the
nominal value for the lower limit of quantification (LLOQ) as an
exception); the precision, expressed by the CV (%), had not to exceed
15% for all concentrations, except 20% for the LLOQ. A freshly
prepared calibration curve was analyzed during each validation run.

Calibration Curves. All calibration curves during the validation
included one zero point and six calibration points at the
concentrations of 50, 100, 250, 500, 1000, 2500, and 5000 ng/mL
and 0.030, 0.100, 0.300, 1.00, 3.00, and 10.0 ng/mg of Chol-D6
respectively for plasma and brain samples. The IS concentration was
100 ng/mL in plasma and 0.010 ng/mg in brain homogenates.
Responses, expressed as the peak area ratio of the analyte to the IS,
were plotted against the corresponding Chol-D6 concentration, and
the data were fitted with a linear regression curve. The quality of
calibration curves was evaluated from the determination coeflicient
(r2) and by comparing the back-calculated concentrations of
calibrators with the corresponding nominal values.

Carry-over. The carry-over of the analytical instrumentation was
checked by injecting Chol-D6 at the highest concentration (upper
limit of quantitation, ULOQ), followed by repeated injections of
blank samples. The carry-over was considered absent if the Chol-D6
signal measured in the blank samples immediately after the ULOQ
was <20% of the LLOQ_signal.

Recovery. Recovery was determined by comparing the peak area of
Chol-D6 spiked to plasma and brain samples before extraction (C)
and the peak area of the analyte spiked to the same samples after
extraction (A). The same method was used to calculate the recovery
of IS, as follows % Rec = C/A X 100

4.5. Statistical Analysis. Data were analyzed by ANOVA
multiple comparisons and Tukey’s tests, using GraphPad v7
(GraphPad Software Inc.). The limit of statistical significance was
set at p < 0.0S.
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VALIDATION OF THE LC-MS METHOD FOR CHOL-D6 QUANTITATION

1.1. Calibration curve

The calibration curve was linear in the selected range of Chol-D6 concentrations. In five different analytical

sessions, the determination coefficients (r?) and linear regression analysis gave averages of 0.998 and 0.997 in

plasma and brain, respectively. The slope values were highly reproducible among different analytical sessions

(Tables 1 and 2). The mean accuracy of the back-calculated concentrations ranged from 99% to 102% in

plasma samples. The mean accuracy was varied slightly more in brain samples, from 93% to 108%. The

precision of back-calculated concentrations was expressed as coefficient of variation (CV%) and was

acceptable for all calibration points in both matrices. Figure 1 presents representative calibration curves in

plasma (1A) and brain (1B).

Table 1. Linearity and LLOQ of Chol-D6 in plasma

Linearity and LLOQ (50 ng/mL) of Chol-D6 in mouse plasma
5 runs Nominal concentration (ng/mL) Calibration curve

<
£ 50.00  100.0  250.0 500.0 1000 2500 5000 slope r?
<
= Calculated concentration (ng/mL)
D
2 |Mean 50.44 98.10 251.2 494.0 1009 2466  5118| 0.00014 0.9980
= |+ SD 0.8591 2.146 8.258 18.14 59.83 89.33 536.5| 0.00002 0.0031

Accuracy (%) 101% 98%  100% 99%  101% 99%  102%

Precision (CV%) 2% 2% 3% 4% 6% 4% 10%

Table 2. Linearity and LLOQ of Chol-D6 in brain

Linearity and LLOQ (0.03 ng/mg) of Chol-D6 in mouse brain
5 runs Nominal concentration (ng/mg) Calibration curve

-5 0.0300  0.1000  0.3000 1.000 3.000 10.00 | slope 2
S
ﬁ Calculated concentration (ng/mg)
E Mean 0.0298  0.1019  0.3038 1.007 2.740 10.57| 0.09286 0.9971
= +SD 0.0003  0.0045 0.0106  0.0471 0.1598  0.4949| 0.01633 0.0020

Accuracy (%) 100% 101% 99% 100% 93% 108%

Precision (CV%) 2% 5% 6% 5% 6% 6%
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Linear regression (1/(x*x) weighting): y = 0.107x + 0.000605 (r=0.9982)
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Figure 1A. Representative calibration curve in plasma, from 0.05 to 5 ug/mL 1B. Representative calibration curve in

brain homogenate, from 0.03 ng/mg and 10 ng/mg

1.2. Carry-over

The carry-over effect was investigated by examining the Chol-D6 signal in blank plasma and brain samples
after injection of the highest Chol-D6 concentration. The residual signals were about 4% and 40% of the LLOQ
signal in plasma and brain samples, respectively. After injection of samples containing concentrations higher

than 3 ng/mg for the brain, blank samples were injected in order to reduce interference (up to 10%).
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1.3. Accuracy and precision

In mouse plasma the mean intra-day accuracy ranged from 87 to 98%, with mean precision 5% (Table 3).

Intra-day accuracy for brain homogenates ranged from 93% and 108%, with slightly higher mean precision

(7.5 %) (Table 4). The mean inter-day accuracy of plasma samples was similar to the mean intra-day accuracy,

from 93% to 98% with the same mean inter-day precision (Table 5). The mean inter-day accuracy and precision

of brain homogenates were higher than intra-day results but within EMA guideline limits for all concentrations

(Table 6).

Table 3. Intra-day accuracy and precision of Chol-D6 in plasma

Intra-day accuracy and precision of Chol-D6 in mouse plasma

Nominal Mean Accuracy | Precision
concentration Calculated concentration (ng/mL +SD
(ng/mL) (ng/mL) (ng/mL) %) | (CV%)
Mouse 50.00| 4572 4843 48.63 48.31 50.81 50.14 48.67 1.768 97% 4%
Plasma 150.0| 1423 1384 1534 1432 1572 145.1 146.6 7.185 98% 5%
1000 897.1 897.1 8863 7724 9003 7573 851.8| 67.65 87% 6%
3000 2970 2870 3010 2720 2780 2730 2847 1237  95% 4%
Table 4. Intra-day accuracy and precision of Chol-D6 in brain
Intra-day accuracy and precision of Chol-D6 in mouse brain
Nominal Mean Accuracy | Precision
concentration Calculated concentration (ng/m +SD
e (ng/mg) (ng/mg) ©%) | (V%)
M 0.0300 | 0.0322 0.0334 0.0382 0.0271 0.0312 0.0315| 0.0320| 0.0036 108% 11%
Bl('):iile 0.2000 0.1871 0.1900 0.1712 0.2322 0.1774 0.2014| 0.1930| 0.0218 97% 11%
2.000( 1.610 1.811 1.720 1371 1.940 2.093 1.758 | 0.2534 88% 14%
6.000 5443 5731 5831 6.022 6413 5850 5.8821 0.3229 98% 5%
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Table 5. Inter-day accuracy and precision of Chol-D6 in plasma

Inter-day accuracy and precision of Chol-D6 in mouse plasma
Nomlna! Calculated concentration (ng/mL) Mean Accuracy Precision
concentration /mL +SD o CVY
(ng/mL) day 1 day 2 day 3 (ng/mL) (%) ( 0)
Mouse 50.00 | 48.24 48.45| 46.43 51.23( 52.11 49.39 4931 2.084 98% 4%
Plasma | 150.0| 157.4 145.4| 141.2 138.1( 149.1 152.0 14721 7.110 98% 5%
1000 | 897.1 900.0 | 883.4 970.3| 948.5 980.2 929.8| 41.65 93% 4%
3000 3010 2720 2480 2700| 2860 2930 2783 190.6 93% 7%
Table 6. Inter-day accuracy and precision of Chol-D6 in brain
Inter-day accuracy and precision of Chol-D6 in mouse brain
Nommal. Calculated concentration (ng/mg) Mean Accuracy Precision
concentration y +SD o CVY
(ng/mg) day 1 day 2 day 3 (ng/mg) (%) (CV%)
0.0300 | 0.0321 0.03220.0343 0.0314]0.0241 0.0374| 0.0319]0.0044| 102% 14%
1\];[0“.” 0.2000 | 0.1822 0.2021]0.2384 0.2371]0.2283 0.1773| 0.2109]0.0275| 105% 13%
ram 2.000( 1.930 1.800] 1.980 2.440( 1.730 1.920 1.967 | 0.2496 98% 13%
6.000| 5.780 5.670| 5.820 6.010] 6.130 5.410] 5.803]0.2541 97% 4%

1.4.Recovery

The analyte recovery of the extraction procedure was evaluated for Chol-D6 in six independent plasma samples
and brain homogenates at LQC and HQC concentrations. In plasma, Chol-D6 recoveries were 98% and 95%
for LQC and HQC samples, respectively. In brain homogenates, the recoveries were slightly lower (57% and

43% for LQC and HQC samples) because of the more complicated extraction procedure and the higher matrix

effect (Table 7).

Table 7. Recovery of Chol-D6 in plasma and brain

Recovery of Chol-D6 in plasma and brain matrices

Recovery (%)

Nominal conc. (ng/mL)

Chol-D6 in plasma

Mean =SD CV (%)

Chol-D6 in brain

Nominal conc. (ng/mg)

Mean =SD CV (%)

LQC (150.0 ng/mL)

HQC (3000 ng/mL)

98% 4% 4%
95% 3% 4%

LQC (0.2000 ng/mg)
HQC (6.000 ng/mg)

57% 8% 14%
43% 6% 13%
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1.5. Stability

We examined Chol-D6 stability in plasma and brain homogenates under three conditions in order to simulate
the working conditions of the analytical sessions. We checked bench-top stability, long-term storage stability
and stability after freeze-thaw cycles. These studies were done on the mouse plasma QC samples at LQC (50
ng/mL) and HQC (3000 ng/mL) in six replicates; QC sample concentrations were obtained against a freshly

prepared calibration curve. All the results indicated Chol-D6 stability in plasma and brain homogenates in the

conditions used (Tables 8 and 9).

Table 8. Stability of Chol-D6 in plasma in different analytical conditions: bench top stability, long-term storage and
freeze and thaw stability

Stability of cholesterol-D6 in mouse plasma

LQC - 150.0 ng/mL HQC - 3000 ng/mL

Stability test
conditg]ons Mean +SD Ai\gli::cy Deviation | CV | Mean +SD Ai\glf::cy Deviation | CV
(ng/mL) (%) (%) (%) [ (ng/mL) (%) (%) (%)
Freshly prepared 146.3 | 7.202 98% 5% 2847(123.7 95% 4%
B(ezrl‘lcg}‘;p 145.5(8.167| 97% 0.6% | 6% 30372493 101% 6.7% | 8%
2 weeks (-20° C) 143.5(7.007|  96% 19% | 5% 2762 1187  92% 3.0% | 4%
Frf:tzfygzw 146.5[7.791|  98% 0.1% | 5% 2860|77.97| 95% 0.5% | 3%

Table 9. Stability of Chol-D6 in brain homogenate in different analytical conditions: bench top stability, long-term
storage and freeze and thaw stability

Stability of cholesterol-D6 in mouse brain

LQC - 0.2 ng/mg HQC - 6 ng/mg
Stability test Mean Mean
" Mean Deviation | CV | Mean Deviation | CV
conditions + SD | Accurac + SD | Accurac
(ng/mL) %) YI' (%) | (%)|mgmL) %) YI %) | (%)
Freshly prepared | 0.1900 [0.0262|  95% 14%|  5.790|0.4144| 96% 7%
B(ez‘l‘f?&‘;f’ 0.2200|0.0105| 110% 16% | 5% | 6.550]0.2259| 109% 13.2% | 3%
2 weeks (-20°C) | 0.1867[0.0187| 93% 2% | 10%| 5.852/0.1829| 98% 1.1% | 3%
Frf:f:;c}izw 0.222510.0264 | 111% 17% | 12%| 5.982(0.4912| 100% 34% | 8%
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Abstract

A variety of pathophysiological mechanisms are implicated in
Huntington’s disease (HD). Among them, reduced cholesterol
biosynthesis has been detected in the HD mouse brain from pre-
symptomatic stages, leading to diminished cholesterol synthesis,
particularly in the striatum. In addition, systemic injection of
cholesterol-loaded brain-permeable nanoparticles ameliorates
synaptic and cognitive function in a transgenic mouse model of
HD. To identify an appropriate treatment regimen and gain mecha-
nistic insights into the beneficial activity of exogenous cholesterol
in the HD brain, we employed osmotic mini-pumps to infuse three
escalating doses of cholesterol directly into the striatum of HD
mice in a continuous and rate-controlled manner. All tested doses
prevented cognitive decline, while amelioration of disease-related
motor defects was dose-dependent. In parallel, we found morpho-
logical and functional recovery of synaptic transmission involving
both excitatory and inhibitory synapses of striatal medium spiny
neurons. The treatment also enhanced endogenous cholesterol
biosynthesis and clearance of mutant Huntingtin aggregates.
These results indicate that cholesterol infusion to the striatum
can exert a dose-dependent, disease-modifying effect and may be
therapeutically relevant in HD.
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Introduction

The brain is the most cholesterol-rich organ, accounting for about
25% of the whole body’s cholesterol (Dietschy & Turley, 2004;
Dietschy, 2009). Its biosynthesis occurs through a stepwise cascade
involving several enzymes under transcriptional regulation by sterol
regulatory element binding protein 2 (SREBP2) transcription factor
(Seo et al, 2012). In the adult brain, a small amount of cholesterol
continues to be synthesized locally, where it regulates multiple
processes including synapse formation and maintenance, synaptic
vesicle (SV) recycling, and optimal release of neurotransmitters for
downstream intracellular signaling pathways (Mauch et al, 2001;
Rohrbough & Broadie, 2005; Fukui et al, 2015; Postila & Rdg, 2020).
Consequently, dysregulation of brain cholesterol homeostasis is
linked to several chronic neurological and neurodegenerative
diseases (Valenza & Cattaneo, 2011; Martin et al, 2014). Among
these conditions is Huntington’s disease (HD), an adult-onset disor-
der characterized by motor, cognitive, and psychiatric features.

The basis of HD is expansion of a CAG trinucleotide repeat in the
gene encoding the Huntingtin protein (HTT; Saudou & Humbert,
2016). In HD, the striatal medium spiny neurons (MSNs) and
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cortical pyramidal neurons projecting to the striatum are primarily
affected and degenerate (Zuccato et al, 2010; Riib et al, 2016). One
of the underlying pathophysiological mechanisms is disruption of
brain cholesterol biosynthesis due to reduced nuclear translocation
of SREBP2 and diminished expression of its downstream target
genes in the cholesterol biosynthesis pathway (Valenza et al, 2005,
2015a; Di Pardo et al, 2020). This defect occurs in astrocytes, which
are the major producers of cholesterol in the adult brain, with
consequent reduction of newly synthetized cholesterol available for
neuronal function (Valenza et al, 2010, 2015a). This compromised
process is manifested in reduced mRNA levels of key enzymes in
the cholesterol synthesis pathway in HD cells, HD mouse models,
and post-mortem brain from HD patients (Sipione et al, 2002;
Valenza et al, 2005, 2015a; Bobrowska et al, 2012; Lee et al, 2015).
Also evident is a reduction in cholesterol precursors, in particular
lathosterol and lanosterol, as judged by isotopic dilution mass spec-
trometry (ID-MS) in HD cells (Ritch et al, 2012) and in seven rodent
HD models (Valenza et al, 2007a,b, 2010; Shankaran et al, 2017);
moreover, striatal level of lathosterol is inversely correlated with
CAG repeat number (Shankaran et al, 2017). In addition, the stria-
tum of knock-in zQ175 mice (Shankaran et al, 2017) shows reduced
synthesis of new cholesterol after administration of deuterated
water in vivo at the pre-symptomatic stage (Shankaran et al, 2017)
and decreased cholesterol at late time points, as measured by gas
chromatography-mass spectrometry (GC-MS). Finally, levels of the
brain-derived cholesterol catabolite 24S-hydroxycholesterol (24S-
OHC) are decreased in brain and blood from HD mice (Valenza
et al, 2007b, 2010; Shankaran et al, 2017), post-mortem caudate
(Boussicault et al, 2016), plasma of HD patients (Leoni et al, 2008,
2011), as well as in pre-HD manifesting patients who are close to
the disease onset (Leoni et al, 2013).

All of these findings support the idea that the primary event of
cholesterol dysfunction in the HD brain is decreased synthesis,
followed by reduced conversion of cholesterol into 24S-OHC, ulti-
mately leading to reduced cholesterol content at the late-sympto-
matic stages (Shankaran et al, 2017). In two studies conducted in
two HD animal models (R6/2 and zQ175 mice), enhancement of
cholesterol catabolism in the striatum via neuronal overexpression
of cholesterol 24-hydroxylase (Cyp46A1) increased striatal levels of
24S-OHC and endogenous cholesterol biosynthesis and rescued
several disease phenotypes (Boussicault et al, 2016; Kacher et al,
2019). Despite conflicting data regarding the amount of striatal
cholesterol measured in the two studies in R6/2 and zQ175 adult
mice (Boussicault et al, 2016; Kacher et al, 2019), this strategy
proved to be of therapeutic relevance in targeting cholesterol
biosynthesis in HD brain.

We previously reported that systemic administration of brain-
permeable polymeric nanoparticles loaded with cholesterol (g7-NPs-
chol) reversed synaptic alterations and prevented cognitive defects
in a HD transgenic mouse model (Valenza et al, 2015b). This work
provided the first proof-of-concept that cholesterol delivery to the
HD brain is beneficial, but the low cholesterol content of g7-NPs-
chol did not allow for full characterization of a target therapeutic
dose or its effects on motor and cognitive capacity.

Here we sought to evaluate the dose-dependent effects of
cholesterol infusion on molecular, functional, and behavioral
parameters. For this purpose, we took advantage of osmotic mini-
pumps to infuse three escalating doses of cholesterol directly into
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the striatum of HD mice, in a continuous and rate-controlled
manner. In this model, all three doses prevented cognitive defects,
and the highest dose attenuated also disease-related motor pheno-
types. In parallel with these behavioral benefits, we detected
morphological and functional recovery of synaptic transmission
that involved both excitatory and inhibitory synapses on striatal
MSNs. Striatal infusion of cholesterol in HD mice also increased
levels of the brain-specific cholesterol catabolite 24S-OHC and
enhanced endogenous cholesterol biosynthesis, restoring the
primary cholesterol defect in HD. At the cellular level, we show
that striatal infusion of cholesterol reduced muHTT aggregates by
reducing lysosome accumulation.

Results

Striatal infusion of cholesterol prevents motor and cognitive
deficits in HD mice

To identify the target therapeutic dose of cholesterol to administer,
we infused three escalating doses of cholesterol—15 pg (chol-low),
185 pg (chol-medium), and 369 pg (chol-high)—directly into one
hemi-striatum of the R6/2 transgenic model of HD (Mangiarini et al,
1996). For this purpose, we used miniature infusion osmotic pumps
implanted subcutaneously on the back and connected to a catheter.
We targeted the striatum as the most affected brain region in HD
and the earliest and most obvious site of decreased cholesterol
biosynthesis (Shankaran et al, 2017). Mice were operated at age
7 weeks, and motor and cognitive tests were performed over a 4-
week infusion period (Fig 1A).

Before testing HD mice and to reduce the number of animals in
the main study without compromising statistical power, we
performed a pilot experiment with healthy wild-type (wt) mice to
assess the behavioral influence of osmotic mini-pump implantation
and 4 weeks of high-dose cholesterol administration. Mini-pumps
filled with artificial cerebrospinal fluid (ACSF) or high-dose choles-
terol were implanted in wt mice, and behavioral tests were
performed. Coordination, motor activity, and memory recognition
were similar among unoperated wt, wt ACSF, and wt chol-high mice
(Fig EV1A-F). Using GC-MS, we verified increased cholesterol
content in the infused striatum and ipsilateral cortex of wt chol-high
mice compared to wt ACSF animals (Fig EV1G and H). These results
allowed us to include only unoperated wt mice as controls in subse-
quent studies.

To visualize the spread of exogenous cholesterol and study its
partition in striatum, we tested an analogue of cholesterol tagged
with a fluorescent BODIPY group at carbon 24 (BODIPY-chol),
using the experimental paradigm described in Fig 1A. After a 4-
week infusion period, BODIPY-chol covered 39.7% + 5.9% of
the infused hemi-striatum of R6/2 mice, whereas we found no
signal in the contralateral hemisphere (Fig 1B). Within the stria-
tum, BODIPY-cholesterol did not localize with TGN46, a marker
of Golgi or with calnexin, a marker of endoplasmic reticulum
(ER) (Fig EV1I-J). Instead, BODIPY-cholesterol partially co-loca-
lized with late endosome marker Rab9A and with plasma
membrane marker PMCA-ATPase (Fig EV1K-L) while complete
co-localization was found with LAMP1, a marker of lysosomes
(Fig EVIM).

© 2020 The Authors



Giulia Birolini et al

R6/2 phenotypes described in the fiterature
= Reduced cholesterol content in striatum '+
= Aeduced 24S-OHC level in striatum '*2

e Braiin atrophy *

e DCrOASEA DOy WRIGHT *
Dy SEPSCs and sIPSCs ¢
Motor and ve defects

mRNA of chol. biosynthesis genes and Cypd6A1 374
lovels 22+
Mutant HTT aggregates *
4wk Swk Bwk 7wk 8wk 9wk 10wk 11wk 12wk
i } 4 ) 4 4 )
Rotarod NORT Actared NORT Rotared NORT Read-outs In this paper
Activity Cage Activity cage  Activity cage  Level of by Mass Sp, y (N=4/group)

Diffusion of bodipy-chol by (IF) (N=3/group;

sEPSCs and sIPSCs by electrophysiology (N=5/group)

Synaptic integrity and synaptic vesicles by Electron Microscopy (EM) (N=3/group)
Nuclear distribution of SREBP2 by IF (N=3/group)

Mutant HTT aggregates by IF (N=3/group), EM (N=3/group) and TR-FRET (N=5/group)

140 ot —o— wt
ns y - 0 —e—R6/2 ACSF
i e g <we. R6/2 chol-low
3 .le ) . .3‘; % 3 —e—R6/2 chol-medium
& 1001 - _I_ . 2 ! ——R6/2 chol-high
. § J
% é. °® 3

EMBO Molecular Medicine

o
=
°
£
kg
>
o
2

(]

B

E pro-surgery 4ws after infusion
’...;‘.’.;‘
20000 | o). ppos |
S —— |
15000 %
.
. .
10000 - t
.

Global activity
2 g
=)

g H $ &
& & & 0 & K Y\ﬁ;&é ) & o oo
v o® o &5 &° Ko &°
Qgﬂ » & b
G pre-surgery 4ws after infusion H pre-surgery 4ws after infusion
= g
: 2% :
2 3
w
J K
- BUZALSE pre-surgery dws after infusion
°5 WI —————
z ) - - = [ periphery
% g L | | 3 center
e £l
El |
g d_,ai
RPN W R O
&&:’5@ \,@eé Q&:@?}p &6@\
Q€ &6%95" <« o B
L &
L pre-surgery 4ws after infusion M
» — + | R6/2 chol-high
o A | = |R672 ACSF
- . wt
R = - % |
§ < oo- y = o A »
o Poe, &R\ ol 0
E grm .’ .: '.. "-. ‘A
E ! e \ o
E 0.2~ | s o J
a T ; 5 .
02 01 0.0 01 02
PC1 (65.31%)
Figure 1.

© 2020 The Authors

EMBO Molecular Medicine €1251912020 3 of 20



EMBO Molecular Medicine

Figure 1. Striatal infusion of three escalating doses of cholesterol ameliorates cognitive and motor deficits in HD mice.

Experimental paradigm performed in all the trials: Mini-pumps were implanted in the striatum of 7-week-old mice. A battery of behavioral tests was performed
before and after mini-pump implantation. In bold, a list of R6/2 phenotypes (above) and read-outs analyzed following cholesterol (chol) infusion (below). References:
(2) Valenza (2010); (2) Valenza et al (2015a,b); (3) Boussicault et al (2016); (4) Mangiarini et al (1996); (5) Cepeda et al (2003); (6) Cepeda et al (2004); (7) Valenza

Representative large image of a brain slice from R6/2 mice after 4-week striatal infusion of fluorescent cholesterol (BODIPY-chol, green). In the inlet, infused

Cholesterol content measured by mass spectrometry in infused striatum of untreated wt (N = 7) and R6/2 (N = 4), R6/2 ACSF (N = 5), R6/2 chol-low (N = 5), R6/2
chol-medium (N = 5), and R6/2 chol-high (N = 5) mice at 12 weeks of age after 4-week striatal cholesterol infusion. The low, medium, and high doses, respectively,

Latency to fall (seconds) from an accelerating rotarod from 5 weeks (pre-surgery; i.e., before pump implantation) to 10 weeks of age in wt (N = 23 at 5 weeks,
N = 28 at 8 and 10 weeks), R6/2 ACSF (N = 35 at 5 weeks, N = 31 at 8 weeks and N = 30 at 10 weeks), R6/2 chol-low (N = 22 at 5 weeks, N = 14 at 8 weeks and
N = 13), R6/2 chol-medium (N = 13 at 5 weeks, N = 9 at 8 weeks and N = 8 at 10 weeks), and R6/2 chol-high (N = 19 at 5 weeks, N = 17 at 8 and 10 weeks) mice.

Global motor activity (E), total distance traveled (F), mean velocity (G), stereotyped movements (H), and number of rearings (I) in an open-field test at 6 weeks of
age (pre-surgery) and 11 weeks of age (4 weeks after infusion) of wt (N = 16 at 9 weeks, N = 22 at 11 weeks), R6/2 ACSF (N = 27 at 9 weeks, N = 23 at 11 weeks),
R6/2 chol-low (N = 20 at 9 weeks, N = 13 at 11 weeks), R6/2 chol-medium (N = 9 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high (N = 18 at 9 weeks, N = 16 at

Representative track plots (J) generated from the open-field test from wt (N = 16 at 9 weeks, N = 22 at 11 weeks), R6/2 ACSF (N = 26 at 9 weeks, N = 23 at 11
weeks), R6/2 chol-low (N = 11 at 9 weeks, N = 7 at 11 weeks), R6/2 chol-medium (N = 11 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high mice (N = 18 at

Discrimination index (DI; %) in the novel object recognition test at 6 weeks of age (before pump implantation) and 11 weeks of age (4 weeks after cholesterol
infusion) of wt (N = 16 at 9 weeks, N = 21 at 11 weeks), R6/2 ACSF (N = 28 at 9 weeks, N = 23 at 11 weeks), R6/2 chol-low (N = 21 at 9 weeks, N = 13 at 11 weeks),
R6/2 chol-medium (N = 10 at 9 weeks, N = 7 at 11 weeks), and R6/2 chol-high mice (N = 18 at 9 weeks, N = 16 at 11 weeks). DI above zero indicates a preference

A

et al (2005); (8) Bobrowska et al (2012); (9) Valenza et al (2007a,b).
B

striatum is shown. Hoechst (Ho, blue) was used to counterstain nuclei. Scale bar: 2000 pum.
C

correspond to 15 pg, 185 pg, and 369 pg of cholesterol infused in the striatum after 4 weeks.
D

The graph shows means =+ standard error for each time point.
=]

11 weeks) mice.
J, K

9 weeks, N = 16 at 11 weeks) and relative quantification (K) of the time spent in the center and in the periphery (%) of the arena.
L

for the novel object; DI below zero indicates a preference for the familiar object.
M

Principal component analysis by combining all the values related to motor and cognitive tasks from wt mice (blue dots), R6/2 ACSF mice (green dots), and R6/2
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chol-high mice (red dots).

Data information: The data in (C-L) are from five independent trials and shown as scatterplot graphs with means + standard error. Each dot (C, E-, L) corresponds to
the value obtained from each animal. Statistics: one-way ANOVA with Newman—Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

In all trials, with the aim of obtaining the maximum solubility
and diffusion of the exogenous cholesterol (Loftsson et al, 2005),
we used water-soluble methyl-B-cyclodextrin (MBCD)-balanced
cholesterol. To exclude any potential effect of MBCD, we performed
motor and cognitive tests in an additional control group, comparing
R6/2 ACSF and R6/2 mice with mini-pumps containing ACSF and
the equivalent quantity of MBCD to be used with chol-high (R6/2
ACSF-MBCD). We found that the presence of MBCD in ACSF did not
influence outcomes in the motor and cognitive tasks (Fig EV2A-F).
Furthermore, cholesterol content and levels of cholesterol precur-
sors and 24S-OHC were not influenced by MBCD (Fig EV2G-K).

We next tested three doses of exogenous cholesterol in R6/2 mice.
We used GC-MS to quantify cholesterol content in the striatum and
cortex of R6/2 mice and verify the success of chronic cholesterol
infusion. Compared to animals implanted with osmotic mini-pumps
filled with ACSF, R6/2 mice infused with the three doses of choles-
terol showed a dose-dependent increase in cholesterol content in the
striatum (Fig 1C). The increase was significant with the chol-
medium and chol-high doses (Fig 1C). Of note, striatal cholesterol
content was consistently decreased in late-symptomatic R6/2 and
R6/2 ACSF mice (for a total of 20 MS measurements performed in 10
mice) compared to wt mice (14 MS measurements in 7 mice; Figs 1C
and EV3B; Valenza et al, 2010). A significant increase in cholesterol
content was also observed in the ipsilateral cortex of R6/2 chol-high
groups (Fig EV3A) but not in the contralateral striatum and cortex of
these animals compared to R6/2 ACSF mice (Fig EV3B and C). These
results demonstrate the efficiency of osmotic mini-pumps in releas-
ing exogenous cholesterol around the site of infusion and partially
into the surrounding cortex in HD animals.

For all the experiments, the body weight of mice was moni-
tored over time. Before the surgery, at 7 weeks of age, body
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weight was similar across all groups (Fig EV3D and E). At
12 weeks of age, R6/2-ACSF males, as well as R6/2 chol-low and
R6/2 chol-high males, lost body weight compared to wt males. Of
note, R6/2 chol-high males did not lose body weight over time as
they were comparable to that of wt mice (Fig EV3F). No signifi-
cant changes were observed in all female groups regardless of
genotype or treatment (Fig EV3G).

Compared to wt mice, R6/2 ACSF animals showed a progressive
deterioration in fine motor coordination, as assessed by an acceler-
ating rotarod test, from the early-symptomatic (8 weeks of age) to
late-symptomatic stages (10 weeks of age; Fig 1D). In contrast, R6/
2 chol-high mice presented a partial but significant amelioration in
rotarod performance at 10 weeks compared to R6/2 chol-medium
and R6/2 chol-low groups (Fig 1D).

To further test motor abilities, we evaluated spontaneous loco-
motor activity in the activity cage test. R6/2 ACSF mice exhibited a
severe hypokinetic phenotype with disease progression, i.e., at
11 weeks (Fig 1E, right panel) compared to 6 weeks (Fig 1E, left
panel; Fig 1E). Of note, global activity deficits were normalized in
R6/2 chol-high mice, while the low and medium dose of cholesterol
did not produce any effect (Fig 1E). Other parameters, such as
distance traveled (Fig 1F), mean velocity (Fig 1G), and stereotyped
movements (Fig 1H), significantly improved in R6/2 chol-high mice
compared to R6/2 ACSF mice. An ANOVA multiple comparison test
revealed a significant decrease in the number of vertical movements
(rearings) in all R6/2 groups (Fig 1I). However, a significant
increase in rearings was found only in R6/2 chol-high group
(P =0.0419, unpaired t-test), indicating an effect of exogenous
cholesterol on this parameter only at the highest dose. By compar-
ing among R6/2 groups treated with the three doses of cholesterol,
we identified a dose-dependent effect, with a progressive increase in
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all activity-related values from low to medium to high doses of
cholesterol (Table EV1).

As a measure of anxiety-like behavior, we also evaluated the
time that mice spent exploring the periphery or center area of the
arena during the activity cage test (Fig 1J). R6/2 ACSF animals
spent more time in the periphery compared to wt mice, indicating
anxiety-related behavior. R6/2 chol-high mice spent more time in
the center compared to R6/2 ACSF mice, with animals performing
similarly to the wt group (Fig 1K), indicating a normalization of
anxiety-related behavior.

To assess if striatal infusion of cholesterol influences also cogni-
tive abilities, we used the novel object recognition test (NORT).
Long-term memory declined during disease progression in R6/2
ACSF mice, with a marked impairment in the ability to discriminate
novel and familiar objects at age 11 weeks (Fig 1L). R6/2 mice in
all cholesterol-dose groups performed similarly to wt mice (Fig 1L).
Finally, principal component analysis (PCA) of all values related to
motor and cognitive tests for chol-high animals identified two distin-
guishable groups (wt and R6/2 ACSF) that separated in the first
principal component, with the R6/2 chol-high mice displaying a
greater overlap with wt group than R6/2 ACSF mice (Fig 1M).

Taken together, these results indicate that extensive behavioral
recovery occurs in HD mice after striatal infusion of cholesterol.

Striatal infusion of cholesterol rescues excitatory synaptic
defects in HD mice

Cholesterol is involved in synaptic function (Pfrieger, 2003), and
functionality and morphology of excitatory and inhibitory synapses
are both altered in HD (Cepeda et al, 2003, 2004). For this reason,
we adopted a combination of techniques to explore whether and
how exogenous cholesterol can influence on synaptic function and
morphology. The analyses were performed in R6/2 chol-high mice
and relevant controls.

We first compared whole-cell patch-clamp recordings of striatal
MSNs from brain slices of wt, R6/2 ACSF, and R6/2 chol-high mice
(Fig 2A). The membrane capacitance, which is proportional to cell
size, was significantly lower in R6/2 ACSF compared to wt MSNs
and unaffected in R6/2 chol-high mice (Table EV2). Similarly, input
resistance, reflecting the number of ion channels expressed by the
cell, was significantly increased in both R6/2 ACSF and R6/2 chol-
high compared to wt cells, but unaffected by cholesterol administra-
tion (Table EV2).

To evaluate the effect of cholesterol on excitatory transmission,
we recorded spontaneous excitatory postsynaptic currents (sEPSC)
in MSNs at a holding potential of —70 mV (Fig 2B). We did not find
any significant differences in the average amplitude of SEPSCs
between groups (Fig 2C). In agreement with previous studies
(Cepeda et al, 2003), we found a significant reduction in frequency
of sEPSCs in R6/2 MSNs compared to wt MSNs (Fig 2D). Of note,
striatal infusion of cholesterol led to a significant increase in the
frequency of SEPSCs in R6/2 chol-high compared to R6/2 ACSF
mice, partially rescuing this defect (Fig 2D).

To identify the structural bases underlying the functional recov-
ery of excitatory synapses after striatal infusion of cholesterol, we
undertook a series of morphological studies by electron micro-
scopy. We employed the combination of focused ion beam milling
and scanning electron microscopy (FIB/SEM) followed by the 3D
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reconstruction of complete synaptic junctions in large volumes of
tissue (Fig 2E and F). The high spatial resolution of the FIB/SEM
images and long series of serial sections allowed for classification
of all synapses as asymmetric or symmetric using morphological
criteria (Merchan-Pérez et al, 2009), providing the actual number
of synapses per volume of the striatal region. Fig 2F shows an
example of the 3D reconstruction of excitatory synapses (in
yellow) in a large portion of the tissue blocks used for the analysis
(10 pm x 5 um x 10 pm) from wt, R6/2, R6/2 ACSF, and R6/2
chol-high mice. The density of excitatory synapses was reduced in
the striatal neurons of R6/2 compared to wt mice, but cholesterol
infusion did not rescue this defect (Fig 2G). We then tested
whether cholesterol could influence synaptic parameters at the
active site of excitatory synapses. Using transmission electron
microscopy (TEM), we visualized the synaptic vesicles (SVs) to
quantify their density (Fig 2H and I). The number of total and
docked SVs was reduced in R6/2 and R6/2 ACSF mice compared
to wt mice (Fig 2J and K). These structural defects were comple-
tely rescued by striatal infusion of cholesterol in R6/2 chol-high
mice (Fig 2J and K). Instead, postsynaptic density (PSD) area and
length (Fig EV4A and B), pre-synaptic area, and active zone (AZ)
length (Fig EVAC and D) were not altered in R6/2 groups
compared to wt mice.

Collectively, these findings indicate that cholesterol partially
rescues excitatory synaptic transmission by enhancing the formation
and/or release of SVs at the pre-synaptic site, but not by increasing
the number of excitatory synapses.

Striatal infusion of cholesterol rescues GABAergic inhibitory
synaptic defects in HD mice

To test the effect of exogenous cholesterol at the inhibitory
synapses, we recorded spontaneous inhibitory synaptic currents
(sIPSCs) in brain slices from wt, R6/2 ACSF, and R6/2 chol-high
mice at a holding potential of 0 mV (Fig 3A). The average amplitude
of sIPSCs was similar between wt and R6/2 ACSF MSNs and was
unaffected by cholesterol (Fig 3B). However, the average frequency
of sIPSCs was significantly increased in R6/2 ACSF compared to wt
cells (Fig 3C) as known in the literature (Cepeda et al, 2004). Of
note, striatal infusion of cholesterol led to a significant reduction in
the average frequency of sIPSCs, bringing this parameter close to
what we observed in wt MSNs (Fig 3C) and indicating that exoge-
nous cholesterol contributes to restoring GABAergic inhibitory
synaptic defects.

To identify the structural changes underlying the functional
recovery of inhibitory synaptic transmission after striatal infusion of
cholesterol, we first analyzed the number of inhibitory synapses per
volume of striatal tissue, looking at the serial sections obtained by
FIB/SEM. We identified symmetric junctions by the presence of a
thin postsynaptic density and performed 3D reconstruction for all
groups (Fig 3D). The density of inhibitory synapses was signifi-
cantly increased in striatal neurons in both R6/2 and R6/2 ACSF
mice compared to wt mice (Fig 3E), in agreement with the electro-
physiological findings of increased frequency. Cholesterol striatal
infusion reduced the density of inhibitory synapses, rescuing the
morphological defect (Fig 3E). TEM analysis of inhibitory synapses
showed no alterations in SVs density in R6/2 and R6/2 chol-high
mice compared to wt animals (Fig EV4E and F).
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Figure 2. Striatal infusion of the high dose of cholesterol partially rescues synaptic activity and ultrastructure of excitatory synapses in HD MSNs.
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Schematic representation of the electrophysiological parameters analyzed in the infused striatum of 12-week-old mice following 4 weeks of striatal infusion of
cholesterol.

Spontaneous EPSCs were recorded from striatal MSNs (wt = 6; R6/2 ACSF = 5; R6/2 chol-high = 5) at a holding potential of —70 mV.

Average amplitude (C) and average frequency (D) of EPSCs from wt, R6/2 ACSF, and R6/2 chol-high MSNs.

Number of excitatory synapses per volume of striatum by using FIB/SEM followed by 3D reconstruction. (E) Representative tissue block of striatum

(10 um x 15 um x 10 um) used for the 3D analysis. (F) Representative FIB-SEM segmentation and reconstruction of excitatory synapses (yellow) in 200 serial
sections of striatum for a total volume of 500 um?, of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice. (G) Density of excitatory synapses in at least 1,500 um? of
striatal tissue from wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice (N = 3 animals/group).

TEM images (H) and 2D profile (1) of pre-synaptic terminal sections contain SVs and mitochondria (m). Docked vesicles are indicated by a white arrowhead (H) and
black circle (1) and are defined as a vesicle with its center located within 20 nm from the pre-synaptic membrane. Scale bar: 100 nm.

Quantification showing the total SVs/um? () and the docked SVs/um (K) in R6/2, R6/2 ACSF, and wt striatal synapses (N = 3 animals/group). N = 60 excitatory
synapses/group were counted.

Data information: The data in (C, D, G, J, and K) are shown as scatterplot graphs with means + standard error. Each dot corresponds to the value of each cell recorded
(C and D), the number of synapses counted/um? in different blocks of striatal tissue (G), and the number of total SVs/um? (J) and docked SVs/um of active zone (K)
counted in each synapse. Statistics: one-way ANOVA with Newman—Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Figure 3. Striatal infusion of the high dose of cholesterol rescues synaptic activity and ultrastructure of inhibitory synapses in MSNs of HD mice.

A Spontaneous IPSCs were recorded from striatal MSNs (wt = 6; R6/2 ACSF = 5; R6/2 chol-high = 5) at a holding potential of 0 mV.

B, C Average amplitude (B) and average frequency (C) of IPSCs from wt, R6/2 ACSF, and R6/2 chol-high MSNs.

D, E Evaluation of the number of inhibitory synapses per volume of striatum by using FIB/SEM followed by 3D reconstruction. (D) Representative FIB-SEM segmentation
and reconstruction of inhibitory synapses (green) in 200 serial sections of striatum for a total volume of 500 pm? in wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice.
(E) Density of inhibitory synapses in at least 2000 um? of striatal tissue of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice (N = 3 mice/group).

Data information: The data in (B, C, and E) are shown as scatterplot graphs with means + standard error. Each dot corresponds to the value of each cell recorded
(B, C) and to the number of synapses counted/um? in different blocks of tissue for each group of animals (N = 3 animals/group) (E). Statistics: one-way ANOVA with

Newman-Keuls post hoc test (**P < 0.01; ***P < 0.001).

These findings indicate that striatal infusion of cholesterol acts
differentially on excitatory and inhibitory synapses and rescues
alterations in inhibitory synaptic transmission by reducing the
number of inhibitory synapses.

Striatal infusion of cholesterol does not rescue myelin defects in
HD mice

Cholesterol influences myelin membrane biogenesis and the func-
tionality of mature myelin (Saher & Stumpf, 2015). To evaluate
whether striatal infusion of cholesterol counteracts myelin deficits
in HD mice, we examined myelin in the striatum and corpus callo-
sum of wt, R6/2, R6/2 ACSF, and R6/2 chol-high mice at age 12
weeks. The G-ratio of myelinated axons, a measure of myelin sheath
thickness as evaluated by electron microscopy, was increased in
both the striatum and corpus callosum of all R6/2 groups compared
to wt mice (Appendix Fig S1A-F), indicating thinner myelin sheaths
in HD mice even after striatal infusion of cholesterol. Periodicity, a
measure of myelin compaction calculated as the mean distance
between two major dense lines was similar in the striatum and in
the corpus callosum among all groups (Appendix Fig S1G-I). These
data suggest the presence of a thinner myelin sheath in the striatum

© 2020 The Authors

and corpus callosum of R6/2 mice and that cholesterol treatment
did not rescue this defect.

Striatal infusion of cholesterol induces changes in sterol
metabolism in HD mice

The synthesis of new cholesterol and production of its neuronal-
specific catabolite 24S-OHC are closely related (Lund et al, 2003).
To maintain constant levels of cholesterol in the brain, any excess
of cholesterol is catabolized into 24S-OHC that can cross the blood—
brain barrier and enter the circulation (Bjérkhem et al, 1997; Leoni
et al, 2008, 2013).

Figure 4A shows a schematic representation of the enzymes
involved in cholesterol biosynthesis and catabolism and how they
are affected in HD. In this study, we first measured 24S-OHC level
by ID-MS and found reductions in the contralateral and ipsilateral
striatum of R6/2 ACSF compared to wt mice (Fig 4B). 24S-OHC
level was increased in the infused striatum of R6/2 chol-high mice
compared to R6/2 ACSF mice, with higher levels compared to wt
mice (Fig 4B). Student’s t-test analysis revealed a significant
increase in 24S-OHC level in the infused striatum of wt mice treated
with the high dose of cholesterol compared to wt ACSF mice,
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suggesting a genotype-independent effect on 24S-OHC level
(Fig EV5A). The low dose of cholesterol did not affect striatal level
of 24S-OHC in either wt or R6/2 mice (Fig EV5A and B).

Exogenous cholesterol might operate in negative feedback on
endogenous cholesterol biosynthesis, which is already compromised
in HD mice. A robust deficit in levels of the key cholesterol precur-
sors lanosterol and lathosterol was found in the striatum of R6/2 and
RG6/2 ACSF mice compared to wt animals (Fig 4C and D), confirming
previous results (Valenza et al, 2007b, 2010). Unexpectedly, we also
found a significant increase in striatal levels of lanosterol, lathosterol,
and desmosterol in R6/2 chol-high mice compared R6/2 or R6/2
ACSF animals (Fig 4C-E), indicating enhancement of endogenous
cholesterol biosynthesis following striatal cholesterol infusion. This
increase was specific for the infused striatum and was not observed
in the contralateral striatum of the same mice (Fig 4C-E). Increased
levels of all cholesterol precursors were also found in wt mice treated
with the high dose of cholesterol compared to wt ACSF mice
(Fig EV5C, E, G), whereas we observed no changes in wt or R6/2
mice treated with the low dose of cholesterol (Fig EVSC-H).

Translocation into the nucleus of the N-terminal (active) frag-
ment of SREBP2 triggers expression of genes involved in cholesterol
biosynthesis (Brown & Goldstein, 1997). We sought to assess
whether nuclear translocation of SREBP2 mediates the increase in
endogenous cholesterol biosynthesis after striatal cholesterol infu-
sion. For this purpose, we performed immunofluorescence staining
with a specific antibody that targets the N-terminal fragment of this
protein. As expected, SREBP2 localization was both nuclear and
perinuclear in the striatum of wt mice (Fig 4F and G). On the
contrary, reduced nuclear distribution of SREBP2 was found in the
striatum of untreated R6/2 mice compared to wt mice (Fig 4F and
G), as expected on the basis of the evidence of reduced cholesterol
synthesis in R6/2 striatum. As shown in Fig 4H, we found a marked
increase in nuclear distribution of SREBP2 in the infused striatum
compared to the contralateral striatum of R6/2 chol-high mice, as
confirmed by the relative quantification (Fig 4I). Specifically, by
coupling the antibody against SREBP2 with a neuronal or an astro-
cytic marker (NeuN and GFAP, respectively), we found that the
increased nuclear localization of SREBP2 was specific for glial cells
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(Fig 4J and K), the major producers of cholesterol in the adult brain
(Mauch et al, 2001; Camargo et al, 2012; Ferris et al, 2017).

Taken together, these findings indicate that the high dose of
cholesterol enhances 24S-OHC availability and that increased
endogenous cholesterol biosynthesis may occur through nuclear
translocation of SREBP2 in glial cells.

Striatal infusion of cholesterol induces clearance of muHTT
aggregates in R6/2 mice

A hallmark of HD is the presence of intracellular aggregates of
muHTT (DiFiglia et al, 1997; Gutekunst et al, 1999; Maat-Schieman
et al, 1999; Herndon et al, 2009). To test whether striatal infusion of
cholesterol influences muHTT aggregation, we employed different
methods to visualize and quantify different forms of muHTT during
the process of aggregation. We first performed immunofluorescence
staining on brain sections of R6/2 ACSF and R6/2 chol-high mice by
using the EM48 antibody, which is specific for the expanded polyQ
tract prone to aggregate (Fig SA). The number and size of EM48-
positive aggregates (size aggregates ~ 2 um) was similar in the stria-
tum of both hemispheres in R6/2 ACSF mice but significantly
reduced in the infused striatum compared to the contralateral stria-
tum in R6/2 chol-high mice (Fig 5B and C; Appendix Fig S2A and B).
Evidence of reduced muHTT aggregates in cortical tissues of R6/2
mice, however, was variable among the animals (Appendix Fig S2C
and D), likely depending on a heterogeneous diffusion of cholesterol
into the cortex. We did not observe fewer aggregates in the
hippocampus of the same animals (Appendix Fig S2E and F).

Double immunofluorescence staining with EM48 antibody in
combination with an antibody against DARPP32 (MSN marker) or
GFAP (astrocyte marker) allowed us to count the number of muHTT
nuclear aggregates in the striatum of R6/2 chol-high mice in dif-
ferent cell types. In the infused compared to the contralateral stria-
tum of R6/2 chol-high mice, the number of nuclear aggregates was
reduced 6-fold in neurons (Fig 5D and E) and 2-fold in astrocytes
(Fig SF and G).

To investigate the morphology and localization of muHTT aggre-
gates after striatal infusion of cholesterol, we employed electron

Figure 4. Striatal infusion of the high dose of cholesterol increases endogenous cholesterol catabolism and synthesis in the striatum of HD mice.

A Schematic pathway of cholesterol synthesis and cholesterol precursors and catabolites in the brain. Green arrows indicate enzymes with downregulated mRNA in
HD, and red arrows indicate cholesterol precursors or metabolites that were decreased per ID-MS; SREBP2-dependent genes are in bold. Here, lanosterol,
7-lathosterol, desmosterol, and 24S-OHC (highlighted in the boxes) were measured by ID-MS. References: (1) Bobrowska et al (2012); (2) Lee et al (2015); (3) Valenza
et al (2005); (4) Samara et al (2014); (5) Boussicault et al (2016); (6) Kacher et al (2019); (7) Valenza et al (2007a); (8) Valenza et al (2007b); (9) Shankaran et al

(2017); (10) Valenza et al, 2010; (11) Valenza et al (2015a,b).

B 24S-0OHC level measured by mass spectrometry in the infused and contralateral striatum of wt, R6/2-ACSF, and R6/2 chol-high mice at 12 weeks of age after a
4-week striatal infusion of cholesterol (N = 4/group). All values are expressed as % above the mean of wt, and these data are shown as scatterplots with
means =+ standard error. Each dot corresponds to the value obtained from each animal.

C-E Lanosterol (C), lathosterol (D), and desmosterol (E) level measured by mass spectrometry in the infused and contralateral striatum of wt, R6/2 ACSF, and R6/2
chol-high mice at 12 weeks of age after 4-week striatal infusion of cholesterol (N = 4/group). All values are expressed as % above the mean of wt, and these data
are shown as scatterplots with means =+ standard error. Each dot corresponds to the value obtained from each animal.

F-I Nuclear (white arrows) and perinuclear (yellow arrows) localization of endogenous SREBP2 in the striatum of wt, R6/2, and R6/2-chol mice. Representative confocal
image (F and H) and relative quantification (G and I) of SREBP2 (red) in wt and R6/2 mice and in the infused and contralateral striatum of R6/2 chol-high mice
(N = 4). Hoechst (Ho, blue) was used to counterstain nuclei. Scale bar in F and H: 10 um. Graphs in (G and I) represent the intensity of SREBP2 normalized on
nuclei (%). Data are shown as scatterplots with means =+ standard error. Each dot corresponds to the value obtained from each image. Statistics: Student’s t-test

(**P < 0.01; ****P < 0.0001).

J, K Representative high-magnification confocal images of immunostaining against SREBP2 (red) and NeuN (J) or GFAP (K) (green) on coronal sections of brains from
R6/2 chol-high mice. A cell in the infused striatum, positive for NeuN and GFAP, respectively, is shown. Hoechst (Ho, blue) was used to counterstain nuclei. Scale

bars: 1 pm.
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microscopy using pre-embedded immunogold labeling for EM48 to
visualize muHTT in striatal neurons of wt, R6/2, R6/2 ACSF, and
R6/2 chol-high mice. Immunogold-labeled HTT fragments were
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found either as protofibril-like structures of about 300 nm or
dispersed in the cytoplasm and nucleus of striatal neurons from R6/
2 ACSF mice (Fig 5H). In contrast, muHTT was found dispersed and
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Figure 5. Striatal infusion of the high dose of cholesterol rescues muHTT aggregation in the striatum of HD mice.

A-G

Immunolabeling of muHTT aggregates (red) in R6/2 ACSF and R6/2 chol-high mice (N = 3/group). Zoom of representative confocal images of immunostaining
against muHTT aggregates (red) showing muHTT aggregates positive for EM48 antibody in the infused and contralateral striatum (A) and relative quantification of
number (B) and size (C) of aggregates. Hoechst (Ho, blue) was used to counterstain nuclei. 18 images/animal were analyzed from 9 sections throughout the entire
striatum. Representative confocal images of immunostaining against muHTT (red) and DARPP32 (D) or GFAP (F) (green) showing muHTT aggregates positive for
EM48 antibody in the infused striatum in neurons or astrocytes and relative quantification (E, G). Hoechst (Ho, blue) was used to counterstain nuclei. All values are
expressed as % above the mean of aggregates in the contralateral striatum of R6/2 ACSF or of R6/2 chol-high. The data in (B, C, E, and G) are shown as scatterplots
with means =+ standard error. Each dot corresponds to aggregates counted in all the images from 3 animals. Scale bars: 10 um (A) and 5 um (D, F). Statistics: one-
way ANOVA followed by Newman-—Keuls multiple comparison tests (*P < 0.05; **P < 0.01; ****P < 0.0001).

TEM images of EM48 pre-embedding immunogold labeling showing muHTT aggregates in the striatal neuron cell bodies of R6/2 ACSF mice and R6/2 chol-high
mice (upper panels). In the lower panels, muHTT aggregates are clearly visible and the magnifications show the area indicated by the black square in the upper
images. Arrows indicate large muHTT aggregates with a fibrous structure in the nucleus, and arrowheads indicate single 10-nm gold particles in MSN. Nucleus (N),
nucleolus (n), mitochondrion (m), rough endoplasmic reticulum (rer), Golgi apparatus (g), and white arrows indicate the nuclear envelope (N = 3 animals/group).
Scale bars: 700 nm and 300 nm.

Quantification of aggregated and total muHTT in the infused striatum of HD mice after 4-week cholesterol infusion by TR-FRET analysis using different antibody
pairs. Schematic representation of employed TR-FRET assay (I). Preliminary assessment of the sustainability of the assay in wt and R6/2 striata (N = 5/group) using
4C9-4C9 and 2B7-MW?1 antibodies in combination to detect, respectively, muHTT aggregates (J), and total muHTT (K). Quantification of muHTT aggregates (L) and
soluble and other muHTT species (M) in the infused striata of R6/2 ACSF and R6/2 chol-high mice. Data in (J-M) are shown as scatterplots with means + standard

error. Each dot corresponds to the value obtained from one striatum. Statistics: Student’s t-test (*P < 0.05).

never composed in a fibril network in striatal neurons from R6/2
chol-high animals (Fig 5H).

We next sought to apply a more reliable quantitative measure of
muHTT oligomers during the early phases of aggregation process
(Baldo et al, 2012; Weiss et al, 2012). For this purpose, we employed
a time-resolved Forster resonance energy transfer (TR-FRET)-based
immunoassay (Baldo et al, 2012) to quantify muHTT species in stri-
atal tissues from R6/2 ACSF and R6/2 chol-high mice using specific
antibodies. In particular, we used the 4C9-4C9 combination to detect
specifically muHTT aggregates, while the 2B7-MW1 combination
recognized soluble muHTT and other muHTT species (Fig 5I). First,
we validated the feasibility and specificity of the assay in striatal
samples of wt and R6/2 mice (Fig 5J and K). Then, we quantified
TR-FRET detection of aggregated muHTT (4C9-4C9 combination)
and found no difference between R6/2 chol-high and R6/2 ACSF
mice (Fig 5L). In contrast, a significant decrease in soluble and other
muHTT species (2B7-MW1 combination) was found in the striatum
of R6/2 chol-high compared to R6/2 ACSF mice (Fig 5M). Collec-
tively, these findings demonstrate that striatal infusion of cholesterol
counteracts the aggregation of different muHTT species which may
ultimately contribute to reduced toxicity in HD mice.

Striatal infusion of cholesterol reverses lysosomal accumulation
in HD mice

We next sought to test whether striatal infusion of cholesterol can stim-
ulate clearance pathways involving autophagy or lysosomal activity.
For this purpose, we performed immunofluorescence staining on brain
sections of wt, R6/2 ACSF, and R6/2 chol-high mice with antibodies
against p62, a protein involved in the recognition and delivery of
substrates to autophagosomes, and against the lysosomal-associated
membrane protein LAMP1. p62 (red signal) was present in round
bodies in the perinuclear area of wt cells but was present primarily as
cellular dots in the contralateral and infused striatum of R6/2 ACSF
and R6/2 chol-high mice (Fig 6A). Quantification analysis revealed an
increase in p62 dots in all R6/2 animal groups compared to wt mice
(Fig 6B), suggesting a high basal autophagy in the presence of muHTT,
which cholesterol treatment did not significantly influence.

In contrast, immunofluorescence staining for LAMP1 (Fig 6C) and
relative quantification (Fig 6D) showed increased LAMP1 density in

© 2020 The Authors

the striatum of R6/2 ACSF mice and in the contralateral striatum of
R6/2 chol-high compared to wt mice, suggesting an accumulation of
lysosomes in HD cells. Of note, LAMP1 density was restored to physio-
logical levels in the infused striatum of R6/2 chol-high mice (Fig 6C).
Taken together, these results suggest that striatal infusion of
cholesterol in HD mice may affect lysosome function and counteract
muHTT aggregates by reducing their accumulation in HD cells.

Discussion

In this work, we identified the therapeutic dose of cholesterol that
can prevent both motor and cognitive defects in HD mice and
ameliorate synaptic transmission while reducing muHTT aggregate
load in the brain. Moreover, we showed that all tested doses of
infused cholesterol prevented cognitive decline. In particular, the
lower dose of cholesterol used here (15 pg) is similar to that
employed in our previous work in which we delivered cholesterol
via brain-targeted polymeric nanoparticles (Valenza et al, 2015b).
The success in preventing mouse cognitive decline in both studies
using this cholesterol dose is in line with reports highlighting a link
between cholesterol and cognitive impairments in adult patients
(Martin et al, 2014; Segatto et al, 2014). In contrast, only the high-
est dose of cholesterol we used here could also counteract progres-
sion of motor defects, suggesting that restoration of motor circuit
function may require a higher cholesterol dose.

Cholesterol infusion can exert these beneficial effects by several
mechanisms. One is improving the function of residual synaptic
circuits. In fact, we showed here that striatal infusion of cholesterol
restored both glutamatergic activation and GABAergic inhibition in
MSNs of HD mice. Accordingly, exogenous cholesterol increased the
number of total and docked vesicles of glutamatergic synapses,
accounting for the increasing probability of vesicle release demon-
strated through partial normalization of glutamatergic spontaneous
synaptic current frequency. Furthermore, exogenous cholesterol
reduced the number of GABAergic inhibitory synapses, as also demon-
strated by a reduced frequency of spontaneous inhibitory currents.
The magnitude of rescue was more evident for inhibitory transmis-
sion/synapses, suggesting circuit-specific signaling mechanisms in
which cholesterol may act differently. Specific proteins involved in
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Figure 6. Striatal infusion of the high dose of cholesterol promotes lysosomal clearance and autophagy in the striatum of HD mice.

A-D Representative confocal images showing p62 (A, red) or LAMP1 (C, green) in the infused and contralateral striatum on brain coronal sections from wt, R6/2 ACSF,
and R6/2 chol-high mice (N = 3/group). Hoechst (Ho, blue) was used to counterstain nuclei. Quantification of dots for p62 (B) and density for LAMP1 (D) in the
contralateral and infused striatum of R6/2 ACSF and R6/2 chol-high mice. 20 images from 3 sections in the middle of the striatum for each animal were acquired
and analyzed. The data in (B and D) are shown as scatterplots with means =+ standard error, and each dot corresponds to the value obtained from each image.
Statistics: one-way ANOVA followed by Newman—Keuls multiple comparison tests (***P < 0.001; ****P < 0.0001). Scale bars in (A, C): 10 pum.

Source data are available online for this figure.

inhibitory transmission might bind cholesterol for their function, exert-
ing a major effect on this circuit with respect to the excitatory one.

Exogenous cholesterol may also act by partnering specifically
with cellular proteins and influencing cell physiology. A recent
proteome-wide mapping of cholesterol-interacting proteins in
mammalian cells detected more than 250 proteins that bind
cholesterol. These proteins are involved in vesicular transport,
degradation pathways, and membrane structure and dynamics,
and many of them are linked to neurological disorders (Hulce
et al, 2013). Among them, several membrane receptors bind
cholesterol in cholesterol-enriched lipid rafts at the plasma
membrane, and their interaction determines their function (Oddi
et al, 2011; Guixa-Gonzdlez et al, 2017;
et al, 2017; preprint: Casarotto et al, 2020). Once infused, exoge-
nous cholesterol localizes at the plasma membrane and it might
renormalize the stoichiometry between plasma proteins and
receptors and rescue the impaired intracellular and receptor
signaling in HD.

Rahbek-Clemmensen
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Cholesterol supplementation in animal models of Pelizaeus—
Merzbacher disease and of multiple sclerosis results in a permis-
sive environment for myelin repair, preventing disease progres-
sion (Saher et al, 2012; Berghoff et al, 2017). Changes in myelin
also occur in different HD animal models (Xiang et al, 2011; Teo
et al, 2016) and in patients showing pre-HD signs (Rosas et al,
2018).
oligodendrocytes was accompanied by reduced expression of
cholesterol biosynthesis genes and myelin-binding protein in vitro
(Xiang et al, 2011), and muHTT interfered with oligodendrocyte
maturation in vivo (Rosas et al, 2018). However, striatal infusion
of cholesterol failed to promote myelin repair in the R6/2 HD
mouse model used here. Although restoration of myelin defects
in this rapid, aggressive HD model was not observed under our
experimental conditions, cholesterol administration may normalize
myelin phenotypes in less aggressive HD murine models such as
the YAC128 and knock-in mice (Huang et al, 2015; Teo et al,
2016).

In those studies, overexpression of muHTT in primary

© 2020 The Authors
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In this study, we also found that striatal infusion of the high dose
of cholesterol restored the primary defect of brain cholesterol
biosynthesis in HD mice. Cholesterol biosynthesis, as judged by
cholesterol precursor levels (Valenza et al, 2007b, 2010) or its
synthesis rate (Shankaran et al, 2017), is significantly reduced in
the striatum of HD mice before disease onset, as we confirm here.
The significant increase in levels of cholesterol precursors, along
with increased nuclear translocation of SREBP2 mainly in astro-
cytes, is consonant with an enhanced endogenous cholesterol
biosynthesis in the striatum of R6/2 chol-high mice. This outcome is
specific for the infused striatum and the highest dose of cholesterol,
possibly indicating that excess exogenous cholesterol is converted
into 24S-OHC in neurons that in turn stimulates endogenous synthe-
sis in astrocytes (Janowski et al, 1999; Abildayeva et al, 2006).
Accordingly, the level of 24S-OHC was also increased in the infused
striatum of R6/2 chol-high mice in this work, supporting evidence
that synthesis and catabolism are closely related in the disease state
as well, as previously reported (Shankaran et al, 2017). This
connection is in agreement with two recent studies showing that
adeno-associated virus over-expressing Cyp46Al, the neuronal-
specific enzyme for cholesterol conversion to 24S-OHC, increased
lanosterol and desmosterol levels in the striatum of R6/2 mice and
zQ175 mice (Boussicault et al, 2016; Kacher et al, 2019). However,
we cannot exclude that different and independent mechanisms
participate to increase cholesterol precursors and 24S-OHC levels in
HD striatum following striatal infusion of cholesterol.

The increase in cholesterol precursors may also explain the reduc-
tion that we observed in muHTT aggregates in R6/2 mice. Lanosterol
reverses protein aggregation in cataracts (Zhao et al, 2015),
suppresses the aggregation and cytotoxicity of misfolded proteins
linked to neurodegenerative diseases (Upadhyay et al, 2018), and
promotes autophagy in Parkinson’s disease models (Lim et al, 2012).
In our study, clearance of muHTT in R6/2 chol-high mice may have
been secondary to stimulation of mTORCI activity (Narita et al, 2011;
Lee et al, 2015). Several studies have established links between
mTORCI1 activation and cholesterol metabolism. For example, the
expression of the active form of the mTORC1 regulator, Rheb, in the
HD mouse brain ameliorates aberrant cholesterol homeostasis and
increases autophagy (Lee et al, 2015). In addition, mTORCI activation
increases nuclear translocation of SREBP2 and sterol synthesis (Yecies
& Manning, 2011; Owen et al, 2012). Moreover, an increase in lysoso-
mal cholesterol has been reported to activate mTORC1 (Castellano
et al, 2017), and cholesterol is reduced in HD lysosomes (Koga et al,
2011). How exactly the increased nuclear translocation of SREBP2
and decreased muHTT aggregates observed here are linked to
mTORCI activity and lysosomes is currently unknown. Exogenous
cholesterol, which partially co-localizes with late endosomes, may
also act on the axonal transport, which is compromised in HD
(Gunawardena et al, 2003; Gauthier et al, 2004; White et al, 2015),
and contribute to diminish organelles accumulation (Ferguson, 2018).

The fact that we found no significant reduction in aggregated
muHTT with the TR-FRET assay (4C9-4C9 combination) suggests that
cholesterol is not sufficient to degrade muHTT oligomers at the begin-
ning of aggregation process. However, the significant decrease in
muHTT species (assessed by TR-FRET with B27-MW1 combination)
coupled with the reduction in macro-aggregates (assessed by
immunofluorescence) and the absence of amyloid-like fibers (by EM)
supports the hypothesis that cholesterol mitigates different steps of

© 2020 The Authors

EMBO Molecular Medicine

muHTT aggregation in vivo and that its targeted administration to the
brain might be useful for reducing muHTT toxicity in HD.

In conclusion, we demonstrate a dose-dependent, disease-modi-
fying effect of striatal infusion of cholesterol in HD mice. This work
and our previous findings (Valenza et al, 2015b) support the
hypothesis that reduced cholesterol biosynthesis contributes to
disease pathogenesis and that cholesterol delivery to the HD brain is
beneficial. Further studies will explore the potential for long-term
cholesterol release in HD animal models with a longer lifespan and
slower disease progression, enabling chronic treatment in older,
symptomatic mice. In addition, with the aim of translating the deliv-
ery of cholesterol to the clinic, new brain-permeable nanoparticles
have been developed (Belletti et al, 2018) that enable the controlled
release of a higher cholesterol content to the brain. This advance
may facilitate progress toward the goal of achieving the therapeutic
dose identified here by systemic injection.

Materials and Methods

Colony management

All the in vivo experiments were carried out in accordance with Ital-
ian Governing Law (D.lgs 26/2014; Authorization n.324/2015-PR
issued May 6, 2015 by Ministry of Health); the NIH Guide for the
Care and Use of Laboratory Animals (2011 edition) and EU direc-
tives and guidelines (EEC Council Directive 2010/63/UE).

Our R6/2 colony lifespan was approximately of 13 weeks, and it
was maintained through the male line exclusively (Mangiarini et al,
1996). Mice were weaned and then genotyped at 3 weeks of age
(£ 3 days). Transgenic R6/2 males were paired with non-carrier
females (B6CBAF1/J, purchased from Charles River). CAG repeat
length and changes that could affect strain productivity, general
behavior, litter size, pup survival, genotype frequency, phenotype
were constantly monitored with a range between 200 and 250 CAGs.
Mice were housed under standard conditions (22 + 1°C, 60% rela-
tive humidity, 12 h light/dark schedule, 3—4 mice/cage, with free
access to food and water). After PCR genotyping (Mangiarini et al,
1996), male and female mice were included and randomly divided
into experimental groups. Littermates were included as controls.

Surgical implantation of osmotic mini-pumps

Avertin 100% was prepared diluting 5 g of 2,2,2-Tribromoethanol
(Sigma-Aldrich, #T48402-25G) in 5 ml of 2-methyl-2-butanol
(Sigma-Aldrich, #240486). Mice were deeply anesthetized using
15 pl of Avertin 2.5% per gram of body weight. Once responses to
tail/toe pinches and intactness of the ocular reflex were assessed,
scalp was shaved and mice were placed into a stereotaxic apparatus
(2-Biological Instrument). A subcutaneous pocket was made on the
back of the animals, in the midscapular area, to insert the osmotic
mini-pump (Alzet, pump model 1004, #0009922). The brain infu-
sion microcannula (brain infusion kit n°3, Alzet, #0008851),
connected to the mini-pump through a catheter, was stereotaxically
implanted into mice right striatum (stereotaxic coordinates 1.75 mm
mediolateral, 0.5 mm anteroposterior, 3 mm dorsoventral; from
Paxinos G and Watson C. The Rat Brain in Stereotaxic Coordinates.
Academic Press, San Diego).
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Following surgery, mice were removed from the stereotaxic
apparatus and placed on a warm cover to awaken from anesthesia.
The mini-pump infused at constant rate (0.11 pl/h) for 28 days a
solution of artificial cerebrospinal fluid (ACSF); or methyl-B-cyclo-
dextrin (Sigma-Aldrich, #M7439-1G) diluted in ACSF; or water-
soluble methyl-B-cyclodextrin (MBCD)-balanced cholesterol (Sigma-
Aldrich, #C4951-30MG) supplemented with 5 puM free cholesterol,
diluted in ACSF. ACSF was prepared mixing two solutions (A and
B) in a 1:1 ratio. Solution A was prepared by diluting 8.66 g of NaCl
(Sigma-Aldrich, #53014), 0.224 g of KCl (Sigma-Aldrich, #P9333),
0.206 g of CaCl, 2H,0 (Sigma-Aldrich, #C3881) and 0.163 g of
MgCl, 6H,0 (Sigma-Aldrich, #M9272) in 500 ml of sigma water.
Solution B was prepared by diluting 0.214 g of Na,HPO, 7H,O
(Sigma-Aldrich, #59390) and 0.027 g of NaH,PO, H,O (Sigma-
Aldrich, #59638) in 500 ml of sigma water.

Assessment of post-operative pain and distress was performed
using a specific table for pain scoring based on behavioral indicators
of well-being and monitoring mice body weight (Lloyd & Wolfen-
sohn, 1998).

Behavioral tests

Mice behavior was evaluated from pre-symptomatic stages
(5-6 weeks of age) until late-symptomatic stages of the disease
(10-11 weeks of age). Animals were assigned randomly, and sex
was balanced in the various experimental groups. All the behavioral
analyses were performed in blind.

Rotarod

Motor coordination and balance were evaluated on the rotarod test.
Mice were first trained to walk on a rotating bar at constant speed
of 4 rpm (apparatus model 47600, Ugo Basile), for 300 s. 1 h after
this training phase, mice motor performance was evaluated in an
accelerating task (from 4 to 40 rpm) over a 300-s period. For three
consecutive days, mice performed three daily trials, with an inter-
trial interval of 30 min. Latency to fall was recorded for each trial
and averaged.

Activity cage

Spontaneous locomotor activity was evaluated by the activity cage
test, in presence of a low-intensity white light source. The animal
was placed in the center of the testing, transparent, arena
(25 cm x 25 cm) (2Biological Instrument) and allowed to freely
move for an hour. Following 15 minutes of habituation, both hori-
zontal and vertical motor activities were assessed by an automated
tracking system (Actitrack software, 2Biological Instrument)
connected to infrared sensors surrounding the arena. Total distance
travelled, mean velocity speed, stereotyped movements, and
numbers of rearings were evaluated. The % of time that mice
explored the periphery or the center area of the was evaluated as a
measure of anxiety-like behavior.

Novel object recognition (NOR) test

Long-term memory was evaluated by the NOR test, using a gray-
colored, non-reflective arena (44 x 44 x 44 cm). All phases of the
test were conducted with a low-intensity white light source. In a
first habituation phase, mice were placed into the empty arena for
10 min. The habituation phase was followed by the familiarization
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one, in which two identical objects (A’ and A”) were presented to
each animal for 10 min. Twenty-four hours later, during the testing
phase, the same animals were exposed to one familiar object (A”)
and a new object (B) for 10 min. A measure of the spontaneous
recognition memory was represented by the index of discrimination,
calculated as (time exploring the novel object — time exploring the
familiar object) / (time exploring both objects) x 100. Mice explor-
ing < 7 s were excluded from the analysis due to their inability to
perform the task.

PCA analysis

Principal component analysis (PCA) was performed using the R
package ade4 (Pavoine et al, 2004).

Gas chromatography-mass spectrometry (GC-MS) analysis for
neutral sterols and 24S-hydroxycholesterol

To a screw-capped vial sealed with a Teflon-lined septum were added
50 pl of homogenates together with 1,000 ng of D4-lathosterol (CDN
Isotopes, Canada), 100 ng of Dé6-lanosterol (Avanti Polar Lipids,
USA), 400 ng of D7-24S-hydroxycholesterol (Avanti Polar Lipids,
USA), and 50 pg of D6-cholesterol (CDN Isotopes, Canada) as internal
standards, 50 pl of butylated hydroxytoluene (BHT) (5 g/1), and 25 pl
of EDTA (10 g/1). Argon was flushed through to remove air. Alkaline
hydrolysis was allowed to proceed at room temperature (22°C) for 1 h
in the presence of 1 M ethanolic potassium hydroxide solution under
magnetic stirring. After hydrolysis, the neutral sterols (cholesterol,
lathosterol, and lanosterol) and oxysterols (24S-OHC) were extracted
three times with 5 ml of hexane. The organic solvents were evapo-
rated under a gentle stream of argon and converted into trimethylsilyl
ethers with BSTFA-1% TMCS (Cerilliant, USA) at 70°C for 60 min.
Analysis was performed by gas chromatography-mass spectrometry
(GC-MS) on a Clarus 600 gas chromatograph (Perkin Elmer, USA)
equipped with Elite-5MS capillary column (30 m, 0.32 mm, 0.25 pm.
Perkin Elmer, USA) connected to Clarus 600C mass spectrometer
(Perkin Elmer, USA). The oven temperature program was as follows:
initial temperature 180°C was held for 1 min, followed by a linear
ramp of 20°C/min to 270°C, and then a linear ramp of 5°C/min to
290°C, which was held for 10 min. Helium was used as carrier gas at
a flow rate of 1 ml/min and 1 ul of sample was injected in splitless
mode. Mass spectrometric data were acquired in selected ion monitor-
ing mode. Peak integration was performed manually, and sterols were
quantified against internal standards, using standard curves for the
listed sterols (Leoni et al, 2017).

Electrophysiological analysis

Experiments were performed on submerged brain slices obtained
from adult mice (12 weeks of age) after 4-week long infusion of
ACSF or cholesterol directly into the striatum. Animals were anes-
thetized by inhalation of isoflurane and decapitated. The head was
rapidly submerged in ice-cold (~4°C) and oxygenated (95% O, — 5%
CO,) cutting solution containing: Sucrose 70 mM, NaCl 80 mM, KCl
2.5 mM, NaHCO; 26 mM, Glucose 15 mM, MgCl, 7 mM, CaCl,
1 mM and NaH,PO,4 1.25 mM. Striatal coronal slices (300-um-thick)
were cut using a vibratome (DTK-1000, Dosaka EM, Kyoto, Japan)
and allowed to equilibrate for at least 1 hour in a chamber filled
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with oxygenated ACSF containing: NaCl 125 mM, KCl 2.5 mM,
NaHCO; 26 mM, Glucose 15 mM, MgCl, 1.3 mM, CaCl, 2.3 mM
and NaH,PO, 1.25 mM. The slices collected from the hemisphere
ipsilateral to the infusion site were transferred to a submerged-style
recording chamber at room temperature (~ 23-25°C) and were
continuously perfused at 1.4 ml/min with ACSF. The chamber was
mounted on an E600FN microscope (Nikon) equipped with 4x and
40x water immersion objectives (Nikon) and connected to a near-
infrared CCD camera for cells visualization.

Data were obtained from striatal projection medium spiny
neurons (MSNs) using the whole-cell patch-clamp technique in
both voltage- and current-clamp mode. The patch pipette was
produced from borosilicate glass capillary tubes (Hilgenberg
GmbH) using a horizontal puller (P-97, Sutter instruments) and
filled with an intracellular solution containing: Cs-methanesulpho-
nate 120 mM, KCl 5 mM, CaCl, 1 mM, MgCl, 2 mM, EGTA
10 mM, Na,ATP 4 mM, Na3GTP 0.3 mM, Hepes 8 mM and lido-
caine N-ethyl bromide 5 mM (added to inhibit firing by blocking
intracellularly the voltage-sensitive Na* channels) (pH adjusted to
7.3 with KOH). Spontaneous excitatory postsynaptic currents
(sEPSCs), mediated by the activation of ionotropic glutamate recep-
tors, were recorded from MSNs at a holding potential of —70 mV,
whereas spontaneous inhibitory postsynaptic currents (sIPSCs),
elicited by the activation of GABA, receptors, were assessed at a
holding potential of 0 mV. The signals were amplified with a
MultiClamp 700B amplifier (Molecular Devices) and digitized with
a Digidata 1322 computer interface (Digitata, Axon Instruments
Molecular Devices, Sunnyvale, CA). Data were acquired using the
software Clampex 9.2 (Molecular Devices, Palo Alto, CA, U.S.A.),
sampled at 20 kHz and filtered at 2 kHz.

The off-line detection of spontaneous postsynaptic currents
(sPSCs) were performed manually using a custom-made software in
Labview (National Instruments, Austin, TX, U.S.A.). The amplitudes
of sPSCs obeyed a lognormal distribution. Accordingly, the mean
amplitude was computed as the peak of the lognormal function used
to fit the distribution. Intervals (measured as time between two
consecutive sPSCs) for spontaneous events were distributed expo-
nentially and the mean interval was computed as the tau (Tiyerval)
value of the mono-exponential function that best fitted this distribu-
tion. The reciprocal of t (1/1) is the mean of the instantaneous
frequencies of sPSCs. Furthermore, the analysis of the membrane
capacitance (Cy,) and the input resistance (Ry,) was performed using
Clampfit 10.2 (Molecular Devices, Palo Alto, CA, U.S.A.). Cy, was
estimated from the capacitive current evoked by a -10 mV pulse,
whereas R;, was calculated from the linear portion of the I-V rela-
tionship obtained by measuring steady-state voltage responses to
hyperpolarizing and depolarizing current steps.

Immunohistochemistry analysis

Mice were anesthetized by intraperitoneal injection of Avertin 2.5%
and transcardially perfused with PFA 4%. Brains were post-fixed
overnight in the same solution at 4°C and then in 30% sucrose to
prevent ice crystal damage during freezing in OCT.
Immunohistochemistry was performed on 15 pm coronal sections.
Epitopes were demasked at 98°C with NaCitrate 10 mM and then
slices were incubated with the following primary antibodies for 3 h at
RT: rabbit anti-SREBP2 (1:2,000; gift by T. Osborne) (Seo et al, 2012),
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mouse anti-SREBP2 (1:100; Ls-Bio, LS-C179708), rabbit anti-DARPP32
(1:100; Cell Signalling, 2306), mouse anti-NeuN (1:100; Millipore,
MAB377), rabbit anti-NeuN (1:500; Abcam, AB104225), rabbit anti-
GFAP (1:250; Dako, Z0334), mouse anti-Huntingtin clone EMA48
(1:100; Millipore, MABS5374), rabbit anti-p62 (1:100; Abcam,
AB109012) or rat anti-LAMP1 (1:50; Santa Cruz, SC19992), rabbit
anti-TGN46 (1:60; Abcam, ab16059), rabbit anti-Rab9A (1:50; Euro-
Clone, BK5118S-CST), rabbit anti-calnexin (1:100; Life technologies,
PAS534754), mouse anti PMCA-ATPase (1:500; Thermo Fisher Scien-
tific, MA3-914). Anti-rabbit or anti-mouse Alexa Fluor 568-conjugated
goat secondary antibodies (1:500; Invitrogen), anti-rabbit Alexa Fluor
633-conjugated goat secondary antibodies (1:500; Invitrogen) or anti-
mouse Alexa Fluor 488-conjugated goat secondary antibodies (1:500;
Invitrogen) were used for detection (1 h at RT) depending on the
primary antibodies. Sections were counterstained with the nuclear
dye Hoechst 33258 (1:10,000, Invitrogen) and then mounted under
cover slips using Vectashield (Vector Laboratories).

Image acquisition and quantification

Confocal images were acquired with a LEICA SP5 laser scanning
confocal microscope. Laser intensity and detector gain were main-
tained constant for all images and 3-10-z steps images were
acquired.

To count aggregates in the different brain areas 34 images/mice
taken from three R6/2-ACSF and three R6/2-chol mice were made at
40x%. For the striatum 18 images/animal were analyzed from 9
sections throughout the entire striatum. For the cortex, 10 images
for each animal were analyzed from 3 sections and for the
hippocampus, 6 images for each animal/condition were analyzed
from 3 sections. To quantify the number of aggregates, ImageJ soft-
ware was used to measure the fluorescence. Images were divided
into three-color channels and the same global threshold was set. In
both R6/2-ACSF and R6/2-chol mice, the total number of aggregates
in the infused hemisphere was normalized to the total number of
aggregates in the contralateral hemisphere. To count the number of
aggregates in the nucleus of DARPP32 or GFAP-positive cells, the
NIS software was used.

To quantify the amount of SREBP2 inside the nucleus, images
were acquired at 40x and were segmented using the NIS software. A
threshold was applied to both channels and the intensity ratio of
SREBP2/Hoechst was measured.

To count the dots of p62 and LAMP1 in the different brain areas 20
images/mice taken from three R6/2-ACSF and three R6/2-chol mice
were made at 40x. For the striatum 10 images/animal were analyzed
from 3 sections in the middle of the striatum. For the cortex, 10
images for each animal were analyzed from 3 sections. To quantify
the number of dots, ImageJ software was used to measure the fluores-
cence. Images were divided into three-color channels and the same
global threshold was set. In both R6/2-ACSF and R6/2-chol mice, the
total number of dots in the infused hemisphere was normalized to the
total number of dots in the contralateral hemisphere.

Electron microscopy
Sample preparation

Mice were anesthetized by intraperitoneal injection of 10 mg/ml
Avertin (Sigma) and transcardially perfused using a fixative solution
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of: 2.5% glutaraldehyde (#16220 Electron Microscopy Sciences
(EMS), Hartfield, PA), and 2% paraformaldehyde (P16148 EMS) in
sodium cacodylate buffer 0.15 M (pH 7.4) (#12300 EMS). Brains
were removed and post-fixed for additional 24 h at 4°C. Brains were
cut in 100 pm-thick coronal slices by using a Leica VT1000S vibra-
tome. Sections were collected in sodium cacodylate buffer 0.1 M
and striatum, and corpus callosum were manually dissected for
staining and embedding. Samples were then washed with cold
sodium cacodylate buffer 0.1 M and then post-fixed in a reduced
osmium solution (i.e., 1.5% potassium ferrocyanide (#20150 EMS)
with 2% osmium tetroxide (#19170 EMS) in 0.15 M cacodylate
buffer, for 1 h in ice. After the first heavy metal incubation, the
tissues were washed with ddH,0 at room temperature and then
placed in the 0.22 pm-Millipore-filtered 1% thiocarbohydrazide
(TCH) (#21900 EMS) in ddH,O0 solution for 20 min, at room temper-
ature. Tissues were then rinsed again in ddH,O and incubated in
2% osmium tetroxide in ddH,O for 30 min, at room temperature.
After several washings at room temperature in ddH,O, they were
then placed in 1% uranyl acetate (aqueous), overnight at 4°C.
Samples were washed and then incubated en-bloc in Walton’s lead
aspartate solution (0.066 gr lead nitrate (#17900 EMS) dissolved in
10 ml of 0.003 M aspartic acid solution, pH 5.5) at 60°C for 30 min.
The tissues were still washed and then dehydrated with an ethanol
series and finally placed in anhydrous ice-cold acetone for 10 min.
Infiltration was performed with acetone (#179124 Sigma-Aldrich)—
Durcupan ACM® (#14040 EMS) mixture with 3:1 volume ratio for
2 h, then 1:1 overnight. The tissues were left for 2 h in pure resin
and then embedded in Durcupan ACM® resin and placed in a 60°C
oven for 48 h for polymerization.

TEM imaging

Ultrathin sections 70 nm-thick were prepared by an UltraCut E ultra-
microtome (Reichert) and collected on TEM copper grids, which
were then observed by a LEO 912AB microscope (Carl Zeiss),
equipped with a thermionic W electron source and operating at an
acceleration voltage of 100 kV. For quantitative analyses, images
with a resolution of 1,024 x 1,024 pixels were acquired using a
bottom mount Esivision CCD-BM/1K system (ProScan Camera).
Quantitative measurements were performed by ImageJ 1.47v, and
measuring the following parameters: total SVs density as the
number of SVs divided by the pre-synaptic area (um?), number of
docked vesicles per active zone (AZ) length (um), pre-synaptic area
(um?), active zone (AZ) length (um) and PSD area (nm?) and PSD
length (nm). For myelin analyses, we measured the G-ratio, as the
diameter of the axon/outer diameter of the myelinated fiber (of at
least 300 myelinated axons in 3 mice group) and the myelin period-
icity that was measured as the mean distance between two major
dense lines, in at least 45 randomly chosen myelin sheaths in 3
mice group.

FIB-SEM imaging and ion cutting

The following procedure was used to mount specimens with the
aim to minimize theirs electrical charging during the FIB-SEM imag-
ing and ion cutting. Resin blocs were mounted on aluminum speci-
men pins and trimmed with a glass knife using an ultramicrotome,
to expose the tissue on all four sides. Silver paint (#16031 Ted Pella,
Redding, US) was used to electrically ground the edges of the tissue
block to the aluminum pin. The entire specimen was then coated
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with a thin layer of gold by means of a Cressington 208-HR sputter
coater (Cressington Scientific Instruments, Watford, UK) equipped
with a pure gold target (Ted Pella, Redding, US), to finely mount it
into the SEM chamber in view of the FIB-SEM imaging. The sample
3D ultrastructural imaging was performed by using a Thermo Scien-
tific Helios G4 Dual Beam (Eindhoven, NL) being this instrument
constituted by the combination of a high-resolution SEM equipped
with a Schottky field emission gun and a focused gallium ion beam.
First, the region of interest was chosen on the surface of the tissue
block, and then, a protective layer of platinum was deposited on top
of the area to be imaged using a gallium ion beam with 30 kV of
acceleration voltage. Initially, a rough cross-section was milled by a
9.1 nA ion beam current, and used as window for SEM imaging.
The exposed surface of this cross-section was finely polished by
progressively lowering the ion beam current down to 0.44 nA and
keeping the acceleration voltage at 30 kV. Afterward, layers from
the finely polished cross-section were successively milled by the
gallium ion beam, again using a current of 0.44 nA and an accelera-
tion voltage of 30 kV. To remove each layer, the ion beam was
continuously moved closer to the surface of the cross-section by
increments of 25 nm. After each slice ion cutting, the milling
process was automatically paused, and the newly exposed surface
was imaged with a 2 kV acceleration voltage and 0.2 nA electron
beam current using the through-the-lens backscattered electron
detector (TLD-BSE). The slicing and imaging processes were contin-
uously repeated, and a long series of images were acquired in a
automated procedure. SEM images of 2048 x 1768 pixels were
acquired with voxel size of (3 x 3 x 25) and (4 x 4 x 25) nm,
depending on the SEM magnification chosen.

3D reconstruction, rendering, and analysis

Serial SEM images were assembled into volume files aligned using
the FiJi software (Schindelin et al, 2009) plugin called linear stack
alignment with SIFT (Lowe, 2004). Following the images acquisi-
tion, recording, and alignment, the 3D shape of samples peculiar
features (in our case excitatory and inhibitory synapses) was recon-
structed layer by layer by careful segmentation. For performing the
latter, and the 3D model generation, electron microscopy image
stacks were then converted to 8-bit grayscale tiff format images and
manually segmented using AMIRA software package (Thermo
Scientific, Eindhoven, NL). Three-dimensional structures in image
stacks containing hundreds or thousands of 2D orthoslices were
traced individually in each plane and automatically surface
rendered. The excitatory and inhibitory synapse density (n° of
synapse/um?) was finally measured by using Ilastik-0.5.12 software.

Sample preparation for pre-embedding immunogold labeling

Mice were anesthetized by intraperitoneal injection of 10 mg/ml
Avertin  (Sigma) and transcardially perfused using pH-shift
formaldehyde (Berod et al, 1981): 4% paraformaldehyde (P16148
EMS) 0.1 M sodium acetate buffer, pH 6.0, followed by the same fix-
atives in 0.1 M sodium carbonate buffer, pH 10.5. Brains were
removed and post-fixed for additional 24 h at 4°C and 100 pm-thick
coronal slices were cut by using a Leica VT1000S vibratome.
Sections were collected in 0.1 M sodium carbonate buffer, pH 10.5,
and striatum was manually dissected. Striatal sections were incu-
bated with mouse monoclonal antibodies (EM48) 1:50 (MAB5374-
Millipore) that reacts with human huntingtin protein (both native
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and recombinant protein) in PBS containing 1% NGS 48 hours at
4°C. After rinsing in PBS, samples were incubated with goat anti-
mouse secondary antibodies (1:50) conjugated to 10 nm gold parti-
cles (Jackson ImmunoResearch) in PBS with 2% NGS overnight at
4°C. After rinsing in PBS, sections were osmicated in 1% 0sO, in
ddH,0 and stained overnight in 2% aqueous uranyl acetate. All
sections used for electron microscopy (EM) were dehydrated in
ascending concentrations of ethanol and acetone/eponate 12 (1:1)
and embedded in Eponate 12 (#14120 EMS). Ultrathin sections (70
nm) were cut using an UltraCut E ultramicrotome (Reichert) and
placed on TEM copper grids. Thin sections were counterstained with
1% aqueous uranyl acetate for 5 min followed by 1% lead citrate in
ddH,0 for 2 min and examined using a LEO 912AB microscope
(Carl Zeiss), equipped with a thermionic W electron source and
operating at an acceleration voltage of 100 kV. Images were
acquired at a resolution of 1,024 x 1,024 pixels using a bottom
mount Esivision CCD-BM/1K system (ProScan Camera).

Sample preparation for post-embedding immunogold labeling

Mice were anesthetized by intraperitoneal injection of 10 mg/ml
Avertin  (Sigma) and transcardially perfused using pH-shift
formaldehyde (Berod et al, 1981): 4% paraformaldehyde (P16148
EMS) 0.1 M sodium acetate buffer, pH 6.0, followed by the same fix-
atives in 0.1 M sodium carbonate buffer, pH 10.5. Brains were
removed and post-fixed for additional 24 h at 4°C and 100 pum-thick
coronal slices were cut by using a Leica VT1000S vibratome.
Sections were collected in 0.1 M sodium carbonate buffer, pH 10.5,
and striatum was manually dissected and post-fixed with 1% OsO4
in ddH,O0 and stained with 0.5% uranyl acetate. Samples were dehy-
drated in ascending concentrations of ethanol and acetone/eponate
12 (1:1) and embedded in Eponate 12 (#14120 EMS). Striatal
sections were cut in a UltraCut E ultramicrotome (Reichert). Form-
var carbon-coated nickel grids with 70 nm ultrathin sections were
processed for GABA immunolabeling. After 5 min incubation in
TBST pH 7.6, grids were incubated with rabbit antiserum against
GABA (Sigma A2052, 1:10.000 in TBST) overnight at RT in a moist
chamber. After the incubation, grids were washed 3 x 10 min TBST
pH 7.6, followed by TBST pH 8.2 for 5 min. Grids were incubated
for 2 h in goat anti-rabbit IgG conjugated to 12 nm colloidal gold
(Jackson ImmunoResearch) diluted 1:20 in TBST pH 8.2. They were
then washed twice in TBST pH 7.6 and rinsed in deionized water.
After that, the grids were contrast-stained with 1% aqueous uranyl
acetate for 5 min followed by 1% lead citrate in ddH,O for 2 min.
Sections were examined using a LEO 912AB microscope (Carl
Zeiss), equipped with a thermionic W electron source and operating
at an acceleration voltage of 100 kV. Images were acquired at a
resolution of 1,024 x 1,024 pixels using a bottom mount Esivision
CCD-BM/1K system (ProScan Camera).

FRET analysis

TR-FRET assays were performed as described previously (Weiss
et al, 2009). Briefly, 15 pl of each homogenate was transferred to a
low volume 384-well plate (Greiner) in serial dilutions starting
from a defined concentration (4 pg/ul), 3 pl of antibody cocktail
was then added. MuHTT aggregates were measured with 4C9-Tb/
4C9-Alexa 647, using 1.93 ng/ul of 4C9-Tb and 2 ng/pl of 4C9-
Alexa 647-labeled antibodies. Soluble muHTT and other muHTT
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The paper explained

Problem

Cholesterol is fundamental for several activities of the brain. Periph-
eral cholesterol is not able to reach this organ due to the presence of
the blood-brain barrier; thus, the majority of cholesterol found in the
brain is synthetized locally. De novo synthesis of cholesterol is reduced
in the Huntington’s disease (HD) brain before the clinical disease
onset and strategies aimed at providing cholesterol to the HD brain
may be beneficial. However, the identification of the therapeutic dose
of cholesterol that must reach the brain to have a maximum benefit
on the multiple disease-related phenotypes is still unknown and
needs to be qualified for a translational perspective.

Results

Here we infused three escalating doses of cholesterol in the brain of
HD mice by the use of osmotic mini-pumps, and we identified the
dose that is able to reverse both cognitive and motor abnormali-
ties. We found that cognitive decline was prevented by all the three
tested doses, while motor dysfunction was reversed only with the
highest dose. Moreover, exogenous cholesterol acted at multiple levels
by normalizing a plethora of disease-related dysfunctions including
those linked to synapse function and morphology and aggregation of
mutated Huntingtin.

Impact

Our work highlights the therapeutic dose of exogenous cholesterol
capable of improving behavioral, synaptic, and neuropathological
abnormalities in HD. This knowledge creates a solid foundation for
developing new therapeutic strategies based on cholesterol to fight
this disease.

species level was measured with 2B7-Tb/MW1-D2, using 1 ng/pl of
2B7-Tb and 10 ng/pl of MWI1-D2-labeled antibody. TR-FRET
measurements were routinely performed following overnight incuba-
tion at 4°C using an EnVision Reader (Perkin Elmer). Values were
collected as the background subtracted ratio between fluorescence
emission at 665 nm and 615 nm where the background signal corre-
sponds to the ratio (665/615) measured for the antibodies in lysis
buffer. The points in the graphs correspond to the averages of the
background subtracted fluorescence ratio relative to the sample. The
dilution points of each sample were fitted in a 4 parameters function
that describes the curves. The obtained values were also expressed as
(1/1C50) per pg of total protein for both assays.

Statistics

Prism 6 (GraphPad software) was used to perform all statistical
analyses. Data are presented as means =+ standard error of the
mean (s.e.m.). Grubbs’ test was applied to identify outliers. For
each set of data to be compared, we determined whether data were
normally distributed or not to select parametric or not parametric
statistical tests. The specific statistical test used is indicated in the
legend of all results figures. Differences were considered statisti-
cally if the P-value was < 0.05. G-power software was used to pre-
determine group allocation, data collection, and all related analy-
ses. For animal studies, mice were assigned randomly, and sex
was balanced in the various experimental groups; animals from
the same litter were divided in different experimental groups;
blinding of the investigator was applied to in vivo procedures and

EMBO Molecular Medicine €1251912020 17 of 20



EMBO Molecular Medicine

all data collection. Table EV3 summarizes all the trials and read-
outs performed.

Data and software availability
This study does not include data deposited in public repositories.
Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Behavioral characterization of wt mice following striatal infusion of the high dose of cholesterol and in vivo exogenous cholesterol localization.

A Latency to fall (seconds) from an accelerating rotarod at 10 weeks of age (3 weeks after cholesterol infusion) in wt (N = 11); wt ACSF (N = 11) and wt chol-high
(N = 7) mice.

B-E Global motor activity (B), total distance travelled (C), mean velocity (D), and stereotyped movements (E) in an open field at 11 weeks of age (4 weeks after
cholesterol infusion) (wt = 11; wt ACSF = 10; wt chol-high = 7).

F Discrimination index (%) in the novel object recognition test of wt, wt ACSF, and wt chol-high mice at 11 weeks of age (4 weeks after cholesterol infusion)
(wt = 11; wt ACSF = 10; wt chol-high = 7). DI above zero indicates a preference for the novel object; DI below zero indicates a preference for the familiar object.

G, H Cholesterol content in the infused striatum (G) and ipsilateral cortex (H) of wt ACSF (N = 3), wt chol-low (N = 5), and wt chol-high (N = 4) mice at 12 weeks of age
after 4-week striatal cholesterol infusion.

I-M  Representative confocal images showing co-localization of BODIPY-chol (green) and TGN46 (1), calnexin (J), Rab9 (K), PMCA-ATPase (L), and LAMP1 (M) (red) in the
striatum of R6/2 mice infused with BODIPY-cholesterol. Scale bars: 5 um.

Data information: The data in (A-H) are shown as scatterplot graphs with means + standard error. Each dot corresponds to the value obtained from each animal. Values
in (A-D) were normalized as % above the mean of wt ACSF for each independent analysis. Statistics: one-way ANOVA with Newman—Keuls post hoc test (***P < 0.001;
**kxp < 0,0001).
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Figure EV2. Behavioral characterization and sterol quantification of R6/2 ACSF and R6/2 ACSF complexed with methyl-p-cyclodextrin.

A Latency to fall (seconds) from an accelerating rotarod at 10 weeks of age (3 weeks after cholesterol infusion) in R6/2 ACSF (N = 6) and R6/2 ACSF-MBCD (N = 8)
mice.

B-E Global motor activity (B), total distance travelled (C), mean velocity (D), and stereotyped movements (E) in an open field at 11 weeks of age (4 weeks after
cholesterol infusion) (R6/2 ACSF = 6; R6/2 ACSF-MBCD = 6).

F Discrimination index (%) in the novel object recognition test of R6/2 ACSF and R6/2 ACSF-MBCD mice at 11 weeks of age (4 weeks after cholesterol infusion)
(R6/2-ACSF = 6; R6/2 ACSF-MBCD = 8). DI above zero indicates a preference for the novel object; DI below zero indicates a preference for the familiar object.

G-K Cholesterol (G), lanosterol (H), lathosterol (I), desmosterol (J), and 24S-OHC (K) level measured by mass spectrometry in the infused striatum of R6/2 ACSF (N = 7)
and R6/2 ACSF-MBCD (N = 4) mice at 12 weeks of age after 4-week striatal infusion.

Data information: The data in (A-F) are shown as scatterplot graphs with means + standard error. All values in (G—K) are expressed as % above the mean of R6/2 ACSF,
and these data are shown as scatterplots with means =+ standard error. Each dot corresponds to the value obtained from each animal.
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Figure EV3. Cholesterol content in the striatum and cortex of R6/2 mice following striatal infusion of cholesterol and mice body weight.

A-C Cholesterol content in the ipsilateral cortex (A), contralateral striatum (B), and contralateral cortex (C) of wt (N = 7), R6/2 (N = 4), R6/2 ACSF (N = 6), R6/2 chol-low
(N = 4), R6/2 chol-medium (N = 4), and R6/2 chol-high (N = 4) mice at 12 weeks of age after 4-week striatal cholesterol infusion.

D-G Body weight (expressed in g) of male (D, F) and female (E, G) mice before surgery (7 weeks of age; wt, N = 19; R6/2 ACSF, N = 24; R6/2 chol-low, N = 18; R6/2
chol-medium, N = 8; R6/2 chol-high, N = 12) and 4 weeks after cholesterol infusion (12 weeks of age; wt, N = 18; R6/2 ACSF, N = 18; R6/2 chol-low, N = 13; R6/2
chol-medium, N = 8; R6/2 chol-high, N = 9).

Data information: The data (A-C) are shown as scatterplot graphs with means =+ standard error. Each dot corresponds to the value obtained from each animal. The data

(D-G) are shown as histograms with means =+ standard error. Statistics: one-way ANOVA with Newman—Keuls post hoc test (*P < 0.05; **P < 0.01; ***P < 0.001).

All values were normalized as % above the mean of wt for each independent analysis.

A PSD area B PSD length C 144 PresynaplicArea D 1.6q AZlength

o
.

%

Figure EV4. Morphometric analysis of excitatory synapses and of synaptic vesicle (SV) density of inhibitory synapses following striatal infusion of the high

dose of cholesterol.

A-D 60 PSDs (A, B) and 60 pre-synaptic terminals (C, D) were analyzed in 3 mice/group.

E TEM images of inhibitory striatal synapses in wt, R6/2, and R6/2 chol-high mice. GABA-immuno-positive synapses were stained by 12 nm colloidal gold-conjugated
secondary antibodies (arrowhead). Scale bar: 50 nm.

F Quantification of SVs density in 30 inhibitory synapses of wt, R6/2 and R6/2 chol-high mice (N = 3 mice/group).

Data information: Graphs are means =+ standard error.
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Figure EV5. Levels of cholesterol precursors and
24S-OHC in the striatum of wt and R6/2 groups
following striatal infusion of cholesterol.

A, B 24S-OHC level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (A), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (B) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

C,D Lanosterol level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (C), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (D) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

E, F Lathosterol level in the infused striatum of wt
ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (E), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (F) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

G, H Desmosterol level in the infused striatum of
wt ACSF (N = 3), wt chol-low (N = 5), wt
chol-high (N = 4) (C), and in the infused
striatum of wt ACSF (N = 3), R6/2 ACSF
(N = 7), R6/2 chol-low (N = 4) (H) at 12 weeks
of age after 4-week striatal infusion of
cholesterol.

Data information: All values were expressed as %
above the mean of wt ACSF. The data of wt ACSF in
(A, C, E, G) are the same shown in (B, D, F, H). The
data in (A-H) are shown as scatterplot graphs with
means =+ standard error with each dot
corresponding to the value obtained from each
animal. Statistics: one-way ANOVA with Newman—
Keuls post hoc test (*P < 0.05; **P < 0.01;

***p < 0,001), and Student’s t-test (*#P < 0.01)

in (A).
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Appendix Figure S2
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Appendix S3 - Summary of statistics for the main figures

FIGURE 1C

ANOVA summary

F 9,635

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,6769

Newman-Keuls multiple comparisons test Mean Diff, Significant? [Summary
wt vs. R6/2-ACSF 15,05 Yes >
wt vs. R6/2-chol (low) 6,229 No ns
wt vs. R6/2-chol (medium) -6,886 No ns
wt vs. R6/2-chol (high) -9,614 No ns
R6/2-ACSF vs. R6/2-chol (low) -8,819 No ns
R6/2-ACSF vs. R6/2-chol (medium) -21,93 Yes **
R6/2-ACSF vs. R6/2-chol (high) -24,66 Yes el
R6/2-chol (low) vs. R6/2-chol (medium) -13,12 No ns
R6/2-chol (low) vs. R6/2-chol (high) -15,84 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -2,727 No ns
FIGURE 1D

ANOVA summary - Rotarod 8 weeks

F 5,132

P value 0,001

P value summary o

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,2002

Newman-Keuls multiple comparisons test Mean Diff, Significant? [Summary
wt vs. R6/2-ACSF 87,77 Yes el
wt vs. R6/2-chol (low) 80,01 Yes **
wt vs. R6/2-chol (medium) 78,59 Yes *
wt vs. R6/2-chol (high) 51,56 Yes *
R6/2-ACSF vs. R6/2-chol (low) -7,767 No ns
R6/2-ACSF vs. R6/2-chol (medium) -9,188 No ns
R6/2-ACSF vs. R6/2-chol (high) -36,21 No ns
R6/2-chol (low) vs. R6/2-chol (medium) -1,421 No ns
R6/2-chol (low) vs. R6/2-chol (high) -28,45 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -27,02 No ns
ANOVA summary - Rotarod 10 weeks

F 33,78

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,634

Newman-Keuls multiple comparisons test Mean Diff, Significant? [Summary
wt vs. R6/2-ACSF 161,4 Yes el
wt vs. R6/2-chol (low) 170,6 Yes e
wt vs. R6/2-chol (medium) 158,1 Yes e
wt vs. R6/2-chol (high) 116,6 Yes el
R6/2-ACSF vs. R6/2-chol (low) 9,271 No ns
R6/2-ACSF vs. R6/2-chol (medium) -3,283 No ns
R6/2-ACSF vs. R6/2-chol (high) 44,72 Yes *
R6/2-chol (low) vs. R6/2-chol (medium) -12,55 No ns
R6/2-chol (low) vs. R6/2-chol (high) -53,99 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -41,44 No ns
FIGURE 1E

ANOVA summary - Global activity 11 weeks

F 13,45

P value <0,0001

P value summary

*kkk




Significant diff. among means (P < 0.05)? Yes

R squared 0,4476

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 5571 Yes el
wt vs. R6/2-chol (low) 6087 Yes e
wt vs. R6/2-chol (medium) 4561 Yes **
wt vs. R6/2-chol (high) 1555 No ns
R6/2-ASCF vs. R6/2-chol (low) 515,8 No ns
R6/2-ASCF vs. R6/2-chol (medium) -1010 No ns
R6/2-ASCF vs. R6/2-chol (high) -4016 Yes el
R6/2-chol (low) vs. R6/2-chol (medium) -1526 No ns
R6/2-chol (low) vs. R6/2-chol (high) 4532 Yes o
R6/2-chol (medium) vs. R6/2-chol (high) -3006 Yes *
FIGURE 1F

ANOVA summary - Distance 11 weeks

F 13,17

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,4126

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 7035 Yes kel
wt vs. R6/2-chol (low) 7478 Yes e
wt vs. R6/2-chol (medium) 6050 Yes **
wt vs. R6/2-chol (high) 3380 Yes *
R6/2-ASCF vs. R6/2-chol (low) 4422 No ns
R6/2-ASCF vs. R6/2-chol (medium) -985,1 No ns
R6/2-ASCF vs. R6/2-chol (high) -3656 Yes *
R6/2-chol (low) vs. R6/2-chol (medium) -1427 No ns
R6/2-chol (low) vs. R6/2-chol (high) -4098 Yes *
R6/2-chol (medium) vs. R6/2-chol (high) -2671 No ns
FIGURE 1G

ANOVA summary - Vel Mean 11 weeks

F 16,58

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,4693

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 2,042 Yes kel
wt vs. R6/2-chol (low) 2,238 Yes e
wt vs. R6/2-chol (medium) 1,283 Yes **
wt vs. R6/2-chol (high) 1,042 Yes *
R6/2-ASCF vs. R6/2-chol (low) 0,1964 No ns
R6/2-ASCF vs. R6/2-chol (medium) -0,7584 No ns
R6/2-ASCF vs. R6/2-chol (high) -0,9995 Yes *
R6/2-chol (low) vs. R6/2-chol (medium) -0,9548 No ns
R6/2-chol (low) vs. R6/2-chol (high) -1,196 Yes **
R6/2-chol (medium) vs. R6/2-chol (high) -0,2411 No ns
FIGURE 1H

ANOVA summary - Stereotyped Mov 11 weeks

F 14,63

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,4383

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 4421 Yes kel
wt vs. R6/2-chol (low) 555,2 Yes e
wt vs. R6/2-chol (medium) 421 Yes o
wt vs. R6/2-chol (high) 206,3 Yes *
R6/2-ASCF vs. R6/2-chol (low) 113,1 No ns
R6/2-ASCF vs. R6/2-chol (medium) -21,08 No ns
R6/2-ASCF vs. R6/2-chol (high) -235,8 Yes *




R6/2-chol (low) vs. R6/2-chol (medium) -134,2 No ns
R6/2-chol (low) vs. R6/2-chol (high) -348,9 Yes **
R6/2-chol (medium) vs. R6/2-chol (high) -214,8 No ns
FIGURE 11

ANOVA summary - Rearings 11 weeks

F 16,59

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,4694

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 407,7 Yes el
wt vs. R6/2-chol (low) 378,3 Yes e
wt vs. R6/2-chol (medium) 350,5 Yes o
wt vs. R6/2-chol (high) 288,3 Yes kel
R6/2-ASCF vs. R6/2-chol (low) -29,42 No ns
R6/2-ASCF vs. R6/2-chol (medium) -57,23 No ns
R6/2-ASCF vs. R6/2-chol (high) -119,5 No ns
R6/2-chol (low) vs. R6/2-chol (medium) -27,81 No ns
R6/2-chol (low) vs. R6/2-chol (high) -90,04 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -62,23 No ns
R6/2-chol (high) vs R6/2-ACSF

Unpaired t test

P value 0,0419

P value summary #

Significantly different (P < 0.05)? Yes

One- or two-tailed P value? Two-tailed

t, df t=2,108, df=37

FIGURE 1K

ANOVA summary - Center vs Periphery 11 weeks

F 10,06

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,3651

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ACSF 12,25 Yes el
wt vs. R6/2-chol (low) 14,96 Yes **
wt vs. R6/2-chol (medium) 8,864 No ns
wt vs. R6/2-chol (high) -5,886 No ns
R6/2-ACSF vs. R6/2-chol (low) 2,717 No ns
R6/2-ACSF vs. R6/2-chol (medium) -3,383 No ns
R6/2-ACSF vs. R6/2-chol (high) -18,13 Yes kel
R6/2-chol (low) vs. R6/2-chol (medium) -6,1 No ns
R6/2-chol (low) vs. R6/2-chol (high) -20,85 Yes *ex
R6/2-chol (medium) vs. R6/2-chol (high) -14,75 Yes **
FIGURE 1L

ANOVA summary - NORT 11 weeks

F 6,031

P value 0,0003

P value summary o

Significant diff. among means (P < 0.05)? Yes

R squared 0,2434

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ACSF 31,91 Yes el
wt vs. R6/2-chol (low) 3,245 No ns
wt vs. R6/2-chol (medium) 3,101 No ns
wt vs. R6/2-chol (high) 2,28 No ns
R6/2-ACSF vs. R6/2-chol (low) -28,66 Yes **
R6/2-ACSF vs. R6/2-chol (medium) -28,81 Yes *
R6/2-ACSF vs. R6/2-chol (high) -29,63 Yes **
R6/2-chol (low) vs. R6/2-chol (medium) -0,1444 No ns
R6/2-chol (low) vs. R6/2-chol (high) -0,9654 No ns
R6/2-chol (medium) vs. R6/2-chol (high) -0,8209 No ns




FIGURE 2D

ANOVA summary

F 37,74

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,8531

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ACSF 1,817 Yes kel
wt vs. R6/2-chol 1,189 Yes il
R6/2-ACSF vs. R6/2-chol -0,6276 Yes *
FIGURE 2G

ANOVA summary

F 10,15

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,14

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2 0,1492 Yes e
wt vs. R6/2-ACSF 0,1537 Yes el
wt vs. R6/2-chol 0,2027 Yes il
R6/2 vs. R6/2-ACSF 0,004505 No ns
R6/2 vs. R6/2-chol 0,05353 No ns
R6/2-ACSF vs. R6/2-chol 0,04903 No ns
FIGURE 2J

ANOVA summary

F 20,24

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,2089

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2 42 Yes kel
wt vs. R6/2 ACSF 33,38 Yes el
wt vs. R6/2-chol 12,77 Yes *
R6/2 vs. R6/2 ACSF -8,618 No ns
R6/2 vs. R6/2-chol -29,23 Yes kel
R6/2 ACSF vs. R6/2-chol -20,61 Yes el
FIGURE 2K

ANOVA summary

F 5,643

P value 0,0009

P value summary o

Significant diff. among means (P < 0.05)? Yes

R squared 0,06693

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2 1,203 Yes *
wt vs. R6/2-ACSF 1,154 Yes **
wt vs. R6/2-chol 0,1562 No ns
R6/2 vs. R6/2-ACSF -0,04863 No ns
R6/2 vs. R6/2-chol -1,046 Yes *
R6/2-ACSF vs. R6/2-chol -0,9978 Yes *
FIGURE 3C

ANOVA summary

F 14,85

P value 0,0003

P value summary o

Significant diff. among means (P < 0.05)? Yes

R squared 0,6644

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary




wt vs. R6/2-ACSF -1,212 Yes e
wt vs. R6/2-chol 0,06288 No ns
R6/2-ACSF vs. R6/2-chol 1,275 Yes el
FIGURE 3E

ANOVA summary

F 8,363

P value 0,0001

P value summary o

Significant diff. among means (P < 0.05)? Yes

R squared 0,3213

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2 -0,01566 Yes el
wt vs. R6/2-ACSF -0,013 Yes *
wt vs. R6/2-chol -0,002188 No ns
R6/2 vs. R6/2-ACSF 0,002663 No ns
R6/2 vs. R6/2-chol 0,01348 Yes *
R6/2-ACSF vs. R6/2-chol 0,01081 Yes *
FIGURE 4B

ANOVA summary - contralateral stiatum

F 67,45

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,9375

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 29,55 Yes kel
wt vs. R6/2-Chol 44,2 Yes el
R6/2-ASCF vs. R6/2-Chol 14,64 Yes *
ANOVA summary - infused striatum

F 23,75

P value 0,0003

P value summary o

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,8407

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 19,74 Yes *
wt vs. R6/2-Chol -18,3 Yes *
R6/2-ASCF vs. R6/2-Chol -38,04 Yes el
FIGURE 4C

ANOVA summary - contralateral stiatum

F 89,53

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,9521

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 76,57 Yes kel
wt vs. R6/2-Chol 76,88 Yes kel
R6/2-ASCF vs. R6/2-Chol 0,3097 No ns
ANOVA summary - infused striatum

F 52,46

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,921

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 73,2 Yes kel




wt vs. R6/2-Chol 46,2 Yes e
R6/2-ASCF vs. R6/2-Chol -27 Yes **
FIGURE 4D

ANOVA summary - contralateral stiatum

F 212,1

P value < 0,0001

P value summary e

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,9792

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 71,21 Yes el
wt vs. R6/2-Chol 69,49 Yes el
R6/2-ASCF vs. R6/2-Chol -1,711 No ns
ANOVA summary - infused striatum

F 23,16

P value 0,0003

P value summary o

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,8373

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 59,22 Yes el
wt vs. R6/2-Chol 8,048 No ns
R6/2-ASCF vs. R6/2-Chol -51,17 Yes el
FIGURE 4E

ANOVA summary - contralateral stiatum

F 8,488

P value 0,0085

P value summary **

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,6535

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 26,6 Yes *
wt vs. R6/2-Chol 32,73 Yes *
R6/2-ASCF vs. R6/2-Chol 6,137 No ns
ANOVA summary - infused striatum

F 9,097

P value 0,0069

P value summary **

Are differences among means statistically significant? (P < 0.05) [Yes

R square 0,669

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. R6/2-ASCF 11,66 No ns
wt vs. R6/2-Chol -35,89 Yes *
R6/2-ASCF vs. R6/2-Chol 47,55 Yes *
FIGURE 4G and 4I

R6/2 vs wt

Unpaired t test

P value <0,0001

P value summary e

Significantly different (P < 0.05)? Yes

One- or two-tailed P value? Two-tailed

t, df t=8,618, df=8

R6/2 chol high (infused) vs R6/2 chol high (contralateral)

Unpaired t test

P value 0,001

P value summary **

Significantly different (P < 0.05)? Yes




One- or two-tailed P value? Two-tailed

t, df t=4,432, df=11

FIGURE 5B

ANOVA summary

F 12,14

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,2651

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
ACSF contralateral vs. ACSF infused 14,74 No ns
ACSF contralateral vs. Chol contralateral -4, 615E-10 No ns
ACSF contralateral vs. Chol infused 67,62 Yes il
ACSF infused vs. Chol contralateral -14,74 No ns
ACSF infused vs. Chol infused 52,88 Yes il
Chol contralateral vs. Chol infused 67,62 Yes il
FIGURE 5C

ANOVA summary

F 45

P value 0,0053

P value summary **

Significant diff. among means (P < 0.05)? Yes

R squared 0,1179

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
ACSF contralateral vs. ACSF infused -0,2515 No ns
ACSF contralateral vs. Chol contralateral -0,27 No ns
ACSF contralateral vs. Chol infused 0,9782 Yes *
ACSF infused vs. Chol contralateral -0,01846 No ns
ACSF infused vs. Chol infused 1,23 Yes *x
Chol contralateral vs. Chol infused 1,248 Yes *
FIGURE 5E

Chol infused vs Chol contralateral

Unpaired t test

P value <0,0001

P value summary e

Significantly different (P < 0.05)? Yes

One- or two-tailed P value? Two-tailed

t, df t=5,281, df=28

FIGURE 5G

Chol infused vs Chol contralateral

Unpaired t test

P value <0,0001

P value summary e

Significantly different (P < 0.05)? Yes

One- or two-tailed P value? Two-tailed

t, df t=4,738, df=28

FIGURE 5L

R6/2-Chol vs R6/2-ACSF

Unpaired t test with Welch's correction

P value 0,1594

P value summary ns

Significantly different? (P < 0.05) No

One- or two-tailed P value? Two-tailed

Welch-corrected t, df

t=1,689 df=4,430

How big is the difference?

Mean + SEM of column A

0,01035 +£0,001016, n=5

Mean + SEM of column B

0,00859 +0,0002371, n=4

Difference between means

-0,001762 +0,001043

95% confidence interval

-0,004550 to 0,001026

R squared

0,3918

F test to compare variances

F,DFn, Dfd

22,95,4,3




P value 0,0276

P value summary *
Significantly different? (P < 0.05) Yes
FIGURE 5M

R6/2-Chol vs R6/2-ACSF

Unpaired t test

P value 0,0481

P value summary *
Significantly different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed
t, df t=2,390 df=7

How big is the difference?

Mean + SEM of column A

0,01716 +£0,002016, n=5

Mean + SEM of column B

0,01083 +£0,001526, n=4

Difference between means

-0,006334 + 0,002650

95% confidence interval

-0,01260 to -6,843e-005

R squared 0,4494

F test to compare variances

F,DFn, Dfd 2,183,4,3

P value 0,5473

P value summary ns

Significantly different? (P < 0.05) No

FIGURE 6B

ANOVA summary

F 22,35

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,5828

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. ACSF contralateral 92,4 Yes il
wt vs. ACSF infused -98,63 Yes il
wt vs. Chol contralateral 92,4 Yes il
wt vs. Chol infused -104,3 Yes il
ACSF contralateral vs. ACSF infused -6,231 No ns
ACSF contralateral vs. Chol contralateral -0,00001 No ns
ACSF contralateral vs. Chol infused -11,86 No ns
ACSF infused vs. Chol contralateral 6,231 No ns
ACSF infused vs. Chol infused -5,625 No ns
Chol contralateral vs. Chol infused -11,86 No ns
FIGURE 6D

ANOVA summary

F 16,24

P value <0,0001

P value summary e

Significant diff. among means (P < 0.05)? Yes

R squared 0,5076

Newman-Keuls multiple comparisons test Mean Diff, Significant? | Summary
wt vs. ACSF contralateral -91,86 Yes il
wt vs. ACSF infused -129,2 Yes il
wt vs. Chol contralateral -91,86 Yes il
wt vs. Chol infused 23,15 No ns
ACSF contralateral vs. ACSF infused -37,32 No ns
ACSF contralateral vs. Chol contralateral 0,000008 No ns
ACSF contralateral vs. Chol infused 68,72 Yes bl
ACSF infused vs. Chol contralateral 37,32 No ns
ACSF infused vs. Chol infused 106 Yes ol
Chol contralateral vs. Chol infused 68,72 Yes bl




Appendix Figures Legends

Appendix Figure S1 Electron microscopy analysis of myelin sheaths in wt and R6/2 groups.
(A) Representative EM images of myelinated fibers taken from the striatum of wt, R6/2, R6/2 ACSF
and R6/2 chol-high (Scale bar: 500 nm). (B) Scatterplot graph of G-ratios against axonal diameters
with linear regression. The slope of the best-fit line was significantly higher for R6/2 compared with
wt mice, indicating thinner myelin sheaths in HD mice with and without treatment with cholesterol.
(C) Mean G-ratios were higher in R6/2 mice compared with their wt controls, indicating that HD
mice had thinner myelin sheaths (***p< 0.001). At least 300 axons in 3 mice group were subjected
to G-ratio analysis. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (¥*p<0.05;
*#p<0.01; ***p<0.001). (D) Representative EM images of myelinated fibers taken from the corpus
callosum of wt, R6/2, R6/2 ACSF and R6/2 chol-high (Scale bar: 500 nm). (E) Scatterplot graph of
G-ratios against axonal diameters with linear regression. The slope of the best-fit line was
significantly higher for R6/2 compared with wt mice, indicating thinner myelin sheaths in HD mice
with and without treatment with cholesterol. (F) Mean G-ratios were higher in R6/2 mice compared
with their wt controls, indicating that HD mice had thinner myelin sheaths (***P < 0.001). At least
300 axons in 3 mice group were subjected to G-ratio analysis. Error bars represent the standard error
of the mean. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p<0.05; **p<0.01;
*#%p<0.001). (G) Representative EM images of myelinated fibers and its magnification taken from
the striatum of wt mice in which the major dense lines in the myelin sheath are indicated. Periodicity
was measured as the mean distance between two major dense lines from at least 45 randomly chosen
myelin sheaths in 3 mice group. (Scale bars: 30 nm and 10 nm). (H-I) Quantification of the mean
periodicity in wt, R6/2, R6/2 ACSF and R6/2 chol-high mice. Error bars represent the standard error
of the mean. Statistics: one-way ANOVA with Newman— Keuls post-hoc test (¥p<0.05; **p<0.01;

*H%p<0.001).



Appendix Figure S2 MuHTT aggregates in the striatum, cortex and hippocampus of R6/2
chol-high mice.

(A-F) Zoom of representative confocal images of immunostaining against EM48 antibody, specific
for muHTT aggregates, in the infused and the contralateral striatum (A), cortex (C) and
hippocampus (E) of R6/2 chol-high mice (N=3) and relative quantification (B, D, F) of number of
aggregates. Hoechst (Ho, blue) was used to counterstain nuclei. Scale bars in A, C, E: 10 um. 18
images/animal were analyzed from 9 sections throughout the entire striatum; 10 images for each
animal were analyzed from 3 sections of the cortex; 6 images for each animal/condition were
analyzed from 3 sections of the hippocampus. All values are expressed as % above the mean of
aggregates in the contralateral tissue of R6/2 chol-high mice. The data are shown as scatterplot
graphs with means=standard. Each dot corresponding to number of aggregates counted in all the
images. Statistics: one-way ANOV A with Newman—Keuls post- hoc test (¥*p<0.05; **p<0.01;

*H%p<0.001).
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Abstract

Brain cholesterol is produced mainly by astrocytes and is important for neuronal function. Its
biosynthesis is severely reduced in mouse models of Huntington’s Disease (HD). One mechanism
implicates diminished nuclear translocation of the transcription factor sterol regulatory element
binding protein 2 (SREBP2) and consequently reduced activation of SREBP-controlled genes in the
cholesterol biosynthesis pathway.

Here we evaluated the efficacy of gene therapy by the unilateral intra-striatal injection of a
recombinant adeno-associated virus 2/5 (AAV?2/5) targeting astrocytes specifically and carrying the
N-terminal fragment of human SREBP2 (hSREBP2).

Robust hSREBP2 expression in striatal glial cells in HD mice activated the transcription of
cholesterol biosynthesis pathway genes, restored synaptic transmission, reversed both Drd?2 transcript
levels in an in vivo reporter assay and behavioral decline, and cleared muHTT aggregates. We
conclude that glial SREBP2 participates in HD brain pathogenesis in vivo and that AAV-based
delivery of SREBP?2 to astrocytes counteracts key features of HD.

Keywords: cholesterol, astrocytes, Huntington’s disease, SREBP2



Introduction

Cholesterol is a multifaceted molecule that plays key roles in the brain during development

and in adulthood. Its concentration in the brain is higher than in any other tissue (15-20 mg/g tissue)'.
Up to 70-80% of cholesterol in the adult brain is of developmental origin and localized in myelin
sheaths, while the rest is located in the plasma membranes of astrocytes and neurons (Bjorkhem et
al. 2004). In neurons cholesterol plays important roles in synaptic transmission, as it is required for
synaptic vesicle formation and function (Mauch et al. 2001; Goritz et al. 2002; Goritz et al. 2005)
and for optimal neurotransmitter release (Pfrieger 2003a; Pfrieger 2003b; Pfrieger 2003c). As the
blood-brain barrier (BBB) efficiently prevents the passage of peripheral cholesterol, brain cholesterol
is synthesized locally (Jurevics & Morell, 1995). Of note, in adulthood astrocytes are believed to
synthetize most cholesterol, which is transferred to the neurons via ApoE-containing lipoproteins
(Mauch ef al. 2001; Nunes et al. 2018).
Cholesterol biosynthesis is regulated by sterol regulatory element binding protein 2 (SREBP2), the
master transcription factor that activates the transcription of most cholesterol biosynthesis genes.
When the cholesterol level is low, SREBP2 is cleaved by SREBP cleavage activation protein (SCAP),
leading to SREBP2 activation and translocation from the endoplasmic reticulum (ER) to the Golgi
apparatus. Within the Golgi apparatus, SREBP2 is cleaved by two proteases called the site 1 (S1P)
and site 2 (S2P) proteases, resulting in an active 68-kDa N-terminal fragment that moves to the
nucleus, binds the sterol response element (SRE) in the promoters of target genes, and activates their
transcription (Jeon & Osborne 2013). When cells do not need to produce cholesterol, SREBP2 is
retained in the ER by the insulin-induced gene 1 (INSIG1) and insulin-induced gene 2 (INSIG2)
proteins (Yang et al. 2002).

Dysregulation of brain cholesterol homeostasis has been linked to several neurodegenerative
diseases (Valenza & Cattaneo 2011, Martin et al. 2014). Among these conditions is Huntington’s
disease (HD), an adult-onset disorder characterized by motor, cognitive, and psychiatric features. HD
is caused by a CAG expansion in the HTT(IT15) gene encoding the huntingtin (HTT) protein and it
is characterized by progressive loss of striatal medium-sized spiny neurons (MSNs) and cortical
pyramidal neurons (Vonsattel & DiFiglia 1998; Rub et al. 2016).

A large number of studies conducted in different HD rodent models have demonstrated significantly
reduced biosynthesis of cholesterol in the brain, with the striatum being affected first (Valenza et al.
2005; Valenza et al. 2007a; Valenza et al. 2007b; Valenza et al. 2010; Shankaran ef al. 2017). In the
adult HD mouse brain, this dysfunction is evidenced by a reduced rate of de novo cholesterol
biosynthesis, precedes the onset of motor symptoms, and is CAG-dependent, as confirmed by studies

in an allelic series of HD mice, and leads to a reduced content of total cholesterol (and of some of its



metabolites and catabolites) at late symptomatic stages (Shankaran et al. 2017). The underlying
molecular mechanism implicates reduced activity of SREBP2 in the presence of mutant HTT
(Valenza et al. 2005; Valenza et al. 2015a), likely through sequestration in the cytoplasm of the
SREBP2/importin  complex required for nuclear import (Di Pardo et al. 2020).

Astrocytes are central in this dysfunction, as highlighted by in vitro studies. In fact, SREBP2 gene
silencing in wild-type (wt) astrocytes has detrimental effects on HD neurons (Valenza et al. 2015a),
while the forced expression of the N-terminal active fragment of SREBP2 in HD astrocytes reverses
neurite outgrowth and synaptic defects in HD neurons (Valenza et al. 2015a). Despite these findings,
the impacts of reduced astrocyte-mediated cholesterol synthesis in vivo in the HD brain and its
reversal are not yet documented.

To gain mechanistic insights and confidence in the therapeutic potential of targeting this
pathway in vivo, we forced the expression of the N-terminal active fragment of human SREBP2
(hSREBP2) in striatal astrocytes of a transgenic HD mouse model by using a recombinant adeno-
associated virus 2/5 (AAV?2/5). We demonstrated that increasing the level of hSREBP2 specifically
in the nucleus of astrocytes stimulated cholesterol biosynthesis in the striatum of HD mice. As a
consequence, synaptic transmission of both inhibitory and excitatory synapses was restored, the
number of striatal MSNs expressing Drd2 receptors was normalized, mutant HTT (muHTT)
aggregation was reduced, motor defects were ameliorated, and cognitive decline was completely

rescued in HD mice.

Results

Setting up an in vivo method for SREBP?2 delivery to striatal astrocytes

To over-express hSREBP2 in astrocytes in vivo in HD mice, we employed a recombinant serotype
of an adeno-associated virus (AAV?2/5) that is known to be highly specific for glial cells (Tong et al.
2014). We modified it to express the reporter gene tdTomato under the control of a glial promoter
(AAV2/5-gfaABCID-tdTomato), and together with the active N-terminal fragment of human
SREBP2 (AAV2/5-gfaABC1D-hSREBP2-tdTomato). We first verified the spread and tropism over
time of the AAV?2/5-gfaABC1D-tdTomato backbone using an in vivo method compatible with its
application to R6/2 HD mice (Fig. 1A; Fig. S1A). Seven-week-old wild-type (wt) mice were given a
single unilateral intracranial injection of virus directly into the striatum, and 4 weeks later animals
were sacrificed and subjected to different analyses as summarized in Fig. 1B. Analysis of coronal
sections of the brain by confocal microscopy demonstrated significant distribution of the AAV?2/5-
gfaABC1D-tdTomato in the infused striatum and in some parts of the cortex in several subsequent

slices, indicating good spread from the injection site. In particular, tdTomato fluorescence was



detectable over a span of 2.5 mm and it covered 61.51% =+ 4.85 of the infused hemi-brain (Fig. 1C;
Fig. S1B). AAV2/5-gfaABC1D-tdTomato tropism was analyzed by studying the co-localization of
the tdTomato signal with the signals of neuronal (DARPP32, NeuN) and glial (GFAP, S100B,IBAT1)
markers. Figure 1D shows that AAV?2/5 had a specific tropism for glial cells. In particular, the count
of cells positive for tdTomato and for glial markers revealed that almost 80-90% of GFAP- or S100B-
positive cells and 40% of IBA1-positive cells also expressed tdTomato. In contrast, when counting
cells positive for tdTomato and neuronal markers, no double-positive cells were found. A parallel
study conducted by employing herpes simplex virus (HSV) as a backbone to deliver the same
gfaABC1D-tdTomato construct resulted in expression of the transgene only in neurons (Fig. S1C).

We therefore proceeded with AAV?2/5 to express hSREBP2 in astrocytes in HD mice.

Delivery of AAV2/5-gfaABC1D-hSREBP2-tdTomato to the HD striatum

To establish the efficiency of the hSrebp2 transgene expression in vivo, AAV2/5-gfaABCI1D-
tdTomato or AAV?2/5-gfaABC1D-hSREBP2-tdTomato were injected into the right striatum of R6/2
mice (herein R6/2-Tom or R6/2-hBP2 respectively), a well-known HD animal model characterized
by rapidly developing symptoms, when the mice were 7 weeks old. Four weeks later, when mice
were at the end of the symptomatic stage, cortical and striatal tissues were collected and RNA
transcripts and relative amounts of hRSREBP2 protein were measured. For this experiment we decided
to pool the cortex and striatum because in our preliminary analyses (Fig. 1C) some viral spread was
also observed in the cortex.

As shown in Fig. 1E, RNA transcripts of tdTomato were not detected in the cortico-striatal samples
of uninfected wt and R6/2 mice, while they were detected and quantified in R6/2-Tom and R6/2-
hBP2 samples. As expected, RNA transcripts of hSrebp2 were detected only in R6/2-hBP2 mice (Fig.
1F).

Western blotting revealed a tdTomato immunoreactive band in the lysates from all R6/2-Tom injected
mice but not from the R6/2-hBP2 mice, indicating that tdTomato fused downstream to hSrebp2 was
not efficiently translated in AAV2/5-gfaABC1D-hSREBP2-tdTomato (Fig. 1G and H). Importantly,
western blot analysis with an antibody that recognizes both the endogenous (mouse) and exogenous
(human) SREBP2 revealed an increase in total SREBP2 protein level in three out of four R6/2-hBP2
mice (Fig. 1I). The over-expression of hRSREBP2 and its co-localization with astrocytes in the infused
striatum was confirmed further in additional R6/2-hBP2 mice by immunofluorescent staining for
GFAP and SREBP2 (Fig. 1J) and by performing stitching of multiple images following
immunofluorescent staining that allowed a global view of hRSREBP2 spread in the entire brain section

(Fig. 17).



Because there are no antibodies available that reliably distinguish human from mouse SREBP2, we
were not able to calculate the amount of protein generated by the AAV2/5-gfaABC1D-hSREBP2-
tdTomato vector in the infected R6/2-hBP2 mice compared with the endogenous mouse SREBP2
(mSREBP2). To overcome this problem, we designed sets of primers that specifically recognize the
mRNA of mSrebp2 or hSrebp2 for quantitation. Notably, we measured a significant reduction of the
endogenous mSREBP? transcripts in R6/2, R6/2-Tom and R6/2-hBP2 mice compared with wt mice
(Fig. 1K). Importantly, Fig. 1L shows that ~Srebp2 mRNA was between 1.7-fold and 2.1-fold more
abundant than the endogenous transcript in R6/2-hBP2 mice.

Glial hSREBP?2 over-expression enhances cholesterol biosynthesis in HD mice

We next sought to test whether the AAV2/5-gfaABC1D-hSREBP2-tdTomato construct would
express a functional SREBP2 protein capable of increasing transcription of SREBP-controlled genes
of the cholesterol biosynthesis pathway.

Gene expression analysis was performed on the pooled striatum and cortex from the injected
hemisphere by measuring transcript levels of cholesterol biosynthesis genes (Hmgcr, Mvk, Sqs/Fdftl,
Cyp51, Dhcr7; Fig. 2A) using gqRT-PCR. The mRNA levels from all these genes were significantly
reduced in R6/2 and R6/2-Tom mice compared with controls (Fig. 2B—F). Importantly, hSREBP2
over-expression in R6/2 mice rescued the transcript levels of Hmgcr, Mvk, Fdftl, and Cyp51 (Fig.
2B-E) but not of Dhcr7 (Fig. 2F). The transcript level of Cyp46al, which encodes the enzyme that
catalyzes the conversion of cholesterol to 24S-hydroxycholesterol (24S-OHC), was reduced in all
R6/2 groups compared with controls but was not affected by exogenous hSREBP2 (Fig. 2G).

To explore whether the increased transcription of SREBP2-controlled genes corresponded to an
increased activity of the pathway, we measured cholesterol precursors (lanosterol, lathosterol, and
desmosterol) as surrogate markers of cholesterol biosynthesis. As expected, the steady-state levels of
all cholesterol precursors were reduced in the striata of R6/2-Tom mice compared with wt-Tom mice
(Fig. 2H-J) (Valenza et al. 2007b; Valenza et al. 2010; Valenza et al. 2015; Birolini et al. 2020).
hSREBP?2 delivery in glial cells, although unable to affect lanosterol and lathosterol levels (Fig. 2H-
I), led to a significant increase in desmosterol in the striata of R6/2-hBP2 mice compared with R6/2-
Tom mice (Fig. 2J), suggesting a preferential stimulation of the Bloch pathway of cholesterol
biosynthesis (Fig. 2A). This was accompanied by an increase in 24S-OHC (Fig. 2K), consistent with
the notion that cholesterol synthesis and catabolism are also in balance in the HD brain (Shankaran
et al. 2017).

To assess whether the enhancement of cholesterol biosynthesis genes following striatal injection of

AAV?2/5-gfaABC1D-hSREBP2-tdTomato was accompanied by changes in the expression levels of



genes involved in cholesterol efflux (Abcal), transport (ApoE), and uptake (Lrpl), we measured their
mRNA levels in cortico-striatal tissues. Abcal mRNA levels were increased in R6/2, R6/2-Tom, and
R6/2-hBP2 mice with respect to wt mice (Fig. S2A), while ApoE and Lrpl mRNA levels were similar
in all conditions (Fig. S2B and C), indicating that hSREBP2 delivery in glial cells did not affect
transcript levels of these genes. Similarly, AAV2/5-gfaABCID-hSREBP2-tdTomato did not
influence transcript levels of genes involved in astrocytic homeostasis. The Glt] mRNA level was
similarly reduced in R6/2, R6/2-Tom, and R6/2-hBP2 mice compared with controls (Fig. S2D), while
levels of S100B and Kir4.1 were similar in all groups (Fig. S2E and F). The mRNA levels of synapse-
related genes such as Bdnf, Cplx2, Shank3, Homer, and Gap43, which were altered in R6/2 and R6/2-
Tom mice, were not influenced by the forced expression of hNSREBP2 in glial cells (Fig. S2G and H).
Transcript levels of genes related to pathways such as energy and mitochondrial metabolism and

autophagy were also not affected by the over-expression of hASREBP2 (Fig. S3A-I).

Glial hSREBP?2 over-expression influences the levels of synaptic proteins in HD mice

Since cholesterol secreted from glial cells participates in synapse formation and maintenance and
influences the intracellular distribution of proteins involved in the synaptic machinery (Pfrieger
2003), we decided to purify synaptosomes from the infused hemibrains of wt-Tom, R6/2-Tom, and
R6/2-hBP2 mice and perform semi-quantitative western blot analysis for pre- and post-synaptic
proteins.

We found that R6/2-Tom mice exhibited higher expression levels of the pre-synaptic protein SYP
than wt-Tom mice and that glial ANSREBP2 over-expression completely reversed this parameter (Fig.
2L, and M). SNAP25 levels were similar in wt-Tom and R6/2-Tom, while a 38% increase was found
in R6/2-hBP2 tissues (Fig. 2L and M). VAMP1 levels were similar in all conditions (Fig. 2L and M).
Regarding the post-synaptic site, our densitometric analyses of the immunoreactive bands indicated
a weak but significant increase (p = 0.0138) in PSD95 level in R6/2-hBP2 mice compared with wt-
Tom and R6/2-Tom animals (Fig. 2N and O), even though differences between wt-Tom and R6/2-
Tom mice were not observed (Fig. 2I and K). Conversely, SHANK3 levels were similar in all the
tested mice, including R6/2-hBP2 mice (Fig. 2N and O). Finally, R6/2-Tom mice exhibited reduced
NMDARI protein levels compared with wt-Tom mice, and forced expression of hSREBP2
normalized its levels to that of wt-Tom mice (Fig. 2N and O).

We conclude that glial ANSREBP2 over-expression influences and partially reverses altered levels of

synaptic proteins in synaptosomes of HD mice.

Glial hSREBP?2 over-expression restores synaptic communication in HD mice



As R6/2 striatal MSNss exhibit altered synaptic transmission (Cepeda et al. 2003; Cepeda et al. 2004),
we performed electrophysiological studies to evaluate whether synaptic dysfunction was reversed in
R6/2-hBP2 mice.

In these studies, biocytin was included in the patch pipette to post hoc recover the morphological
details of the recorded neurons (Fig. 3A). We first analyzed the passive membrane properties of
striatal MSNs from brain slices of wt-Tom and R6/2-hBP2 mice. For R6/2-hBP2 mice, we compared
data obtained from MSNs of the contralateral and the infused hemispheres. The comparison between
R6/2-hBP2 and wt-Tom mice highlighted the fact that the membrane capacitance (C,), which is
proportional to cell size, was significantly lower in R6/2-hBP2 compared with wt-Tom MSNs, while
it was similar between the contralateral and the infused hemispheres of R6/2-hBP2 mice (Fig. 3B).
On the other hand, input resistance (R.,), reflecting the number of ion channels expressed by the cell,
was significantly higher in both the infused and the contralateral hemispheres of R6/2-hBP2
compared with wt-Tom mice, and unchanged in the infused striata of R6/2-hBP2 mice compared with
the contralateral ones (Fig. 3C).

No significant differences in the average amplitude of spontaneous excitatory postsynaptic currents
(sEPSC) from MSNs were found between groups (Fig. 3D, E; the recorded events were AMPA-
mediated since they were completely abolished by administration of 10 uM NBQX). In contrast, the
average frequency of SEPSCs in MSNs from the contralateral hemisphere of R6/2-hBP2 mice was
significantly lower compared with wt-Tom mice, and glial over-expression of hSREBP2 led to a
partial rescue of this defect (Fig. 3F).

To test if the inhibitory synapses were also influenced by hSREBP2 treatment, we recorded
spontaneous inhibitory synaptic currents (sIPSCs) at a holding potential of 0 mV (Fig. 3G). The
recorded events were GABA-mediated since they were completely abolished by administration of 10
uM bicuculline (Fig. 3G). The average amplitude of sIPSCs was not affected (Fig. 3H). In contrast,
the average frequency of sIPSCs in MSNs in the R6/2-hBP2-contralateral hemisphere was
significantly higher compared with wt-Tom mice, and glial over-expression of hSREBP2 led to a
significant reduction in the average frequency of sIPSCs in the infused hemisphere (Fig. 3I), bringing

it closer to that in the wt-Tom mice.

Glial hSREBP?2 over-expression reduces muHTT aggregates in HD mice

A hallmark of HD is the presence of intracellular aggregates of muHTT (DiFiglia et al. 1997). To test
whether glial over-expression of hSREBP2 in the HD striatum influenced muHTT aggregation, we
performed immunofluorescence staining on coronal sections of brains from R6/2-Tom and R6/2-

hBP2 mice by using the EM48 antibody, which is specific for the expanded polyQ tract prone to



aggregate (Fig. 4A). As expected, tdTomato did not influence the number and the size of muHTT
aggregates. Of note, the number and the size of EM48-positive aggregates were reduced in the infused

striata of R6/2-hBP2 mice compared with the contralateral ones (Fig. 4B and C).

Glial hSREBP?2 over-expression increases the number of Drd2-expressing MSNs in HD mice as
detected by X-Clarity technology

Neuronal dysfunction of striatal neurons precedes their degeneration, and the dopamine receptor D2
(DRD2) MSNs of the indirect pathway are the first affected in HD models and patients (Reiner e al.
1988; Albin et al. 1989; Galvan et al. 2012; Sebastianutto e al. 2017). Although R6/2 mice (similar
to other HD mouse models) do not show overt signs of neuronal loss (Mangiarini et al. 1996), the
downregulation of Drd2 transcript in striatal MSNs is an established early mark of disease
progression that has been proposed as a sensitive measure of the effects of therapeutics (Crook et al.
2012). In particular, Crook and Housman developed a Drd2 dysregulation assay by crossing Drd2-
eGFP mice with different HD mice to obtain animals with DRD2-MSNs labeled with eGFP, and then
used FACS sorting as a quantitative and reproducible readout of the efficacy of their therapeutics
(Crook et al. 2012).

Here we adopted the same strategy to obtain animals with DRD2-MSNs labeled with eGFP (herein
Drd2-wt and Drd2-R6/2 mice) but used the X-Clarity technology to obtain a measurement of the
number of MSNs expressing DRD2 in situ, without dissociation, and in a large volume of striatum
(approx. 0.1084+0.005 mm) following forced expression of hSREBP in astrocytes.

To accomplish this goal, we injected AAV2/5-gfaABCI1D-tdTomato or AAV2/5-gfaABCID-
hSREBP2-tdTomato into the right striata of 7-week-old Drd2-wt and Drd2-R6/2 mice (herein Drd2-
wt-Tom, Drd2-R6/2-Tom, and Drd2-R6/2-hBP2). Animals were sacrificed 4 weeks later. From each
animal, two brain coronal slices which were 1 mm thick (including the striatum) were prepared from
the infused and contralateral hemispheres and the area corresponding to the striatum was isolated and
clarified using the X-Clarity technology (Fig. 4D). The images acquired with two-photon microscopy
in the clarified striata of Drd2-wt-Tom mice confirmed distinct signals of tdTomato and eGFP, which
labeled infected astrocytes and DRD2-MSNss, respectively (Fig. 4E). The subsequent quantification
of the eGFP signal in the different experimental groups revealed a reduced number of DRD2-MSNs
in the infused striata of Drd2-R6/2-Tom mice and in the contralateral striata of Drd2-R6/2-hBP2
compared with Drd2-wt-Tom mice (Fig. 4F and G). Of note, the number of DRD2-MSNs measured
in the infused striata of Drd2-R6/2-hBP2 was similar to that quantified in Drd2-wt-Tom mice (Fig.
4F and G), indicating that over-expression of hSREBP2 in astrocytes allows these neurons to regain

DRD?2 expression and, supposedly, functionality.



Glial hSREBP?2 over-expression ameliorates motor defects and completely restores cognitive decline
in HD mice

To assess whether the described amelioration of synaptic activity and disease phenotypes following
over-expression of hSREBP2 in astrocytes was correlated with a beneficial effect on behavioral
abnormalities, we subjected wt-Tom, R6/2-Tom, and R6/2-hBP2 mice to motor and cognitive tasks.
As expected, 11-week-old R6/2-Tom mice exhibited a severe hypokinetic phenotype as demonstrated
by reduced global activity, total distance traveled, and number of rearings in the activity cage test
(Fig. 5SA-C). Glial over-expression of hSREBP2 led to a slight but significant rescue of these
parameters (Fig. 5A—C). We also evaluated the time that mice spent exploring the peripheral or central
area of the arena during the activity cage test as a measure of anxiety-like behavior (Fig. 5D). R6/2-
Tom mice showed anxiety-related behavior as they spent more time in the periphery compared with
wt-Tom mice. Of note, R6/2-hBP2 mice behaved similarly to wt-Tom mice (Fig. SE). When we
measured the neuromuscular function of mice with the grip-strength test, we observed reduced muscle
strength in R6/2-Tom mice compared with wt-Tom mice and, again, glial over-expression of
hSREBP2 had a beneficial effect on this feature (Fig. 5F). Furthermore, we performed the paw-
clasping test to study the clasping behavior of mice as an index of neuronal dysfunction. As expected,
R6/2-Tom mice had a worse performance compared with wt-Tom, but in this case the treatment was
not able to significantly rescue this behavior (Fig. 5G). Finally, to analyze the effect of treatment on
cognitive decline, we performed the novel-object recognition (NOR) test: at 11 weeks of age, R6/2-
Tom mice were not able to discriminate between the novel object and the familiar one, in contrast to
the wt-Tom mice. Of note, glial over-expression of hASREBP2 completely prevented cognitive decline

and R6/2-hBP2 mice behaved as the wt-Tom (Fig. SH).

Discussion

In this work, we highlight the therapeutic value of forcing cholesterol biosynthesis in vivo in an HD
mouse model via a gene therapy approach that delivers the active form of the master transcription
factor SREBP2 specifically to astrocytes. In the brain, the physiological cross-talk between astrocytes
and neurons provides the latter with the cholesterol produced by the former, which is then utilized by
neurons to support their function. This cross-talk is severely damaged in vitro in the presence of the
mutation, due to reduced activity of SREBP2, but it can be rescued when HD astrocytes over-
expressing SREBP2 are co-cultured with HD neurons. In these conditions, we showed that neuronal
function and morphology are fully reestablished (Valenza et al. 2015a). Here, we now provide in vivo

evidence that this altered communication between astrocytes and neurons is a key pathological feature
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of HD astrocytes, which can be targeted at a cellular level and their pathology reversed, leading to
substantial amelioration of HD phenotypes in the living animals. Accordingly, we show that
hSREBP2 delivery to astrocytes in vivo, by enhancing the cholesterol biosynthesis pathway, can
revert molecular, biochemical, electrophysiological, and behavioral abnormalities associated with
neuronal dysfunction typically observed in the R6/2 mouse model.

We show that unilateral AAV-delivery of SREBP2 in glial cells is sufficient to completely rescue
cognitive decline in R6/2 mice. Similar data were obtained upon cholesterol delivery to the brain of
this mouse model via brain-permeable polymeric nanoparticles or mini-pumps (Valenza et al. 2015;
Birolini et al. 2020). The fact that genetic deletion of SCAP or SREBP2 in astrocytes of adult mice
results in cognitive defects (Van Deijk et al. 2017; Ferris et al. 2017) confirms the role of astrocytes
in memory and cognition in vivo, and that altered cross-talk between astrocytes and neurons at
synaptic contacts may contribute to cognitive disturbances (Santello er al. 2019). Moreover,
cholesterol synthesis is downregulated in aging astrocytes (Boisvert et al. 2018; Allen & Lyons
2018), suggesting that lack of cholesterol production in these cells may contribute to the synaptic and
cognitive defects observed in aging. Here, we provide further evidence that cholesterol produced from
astrocytes in vivo is also a critical player in memory recognition in the HD context.

Unilateral AAV-delivery of SREBP2 also ameliorated motor defects in R6/2 mice, suggesting that
this approach is able to produce the optimal content of newly synthetized cholesterol needed to
partially restore motor-dependent circuits. These results are in agreement with our recent work that
evaluated the effect of three escalating doses of cholesterol infused directly into the striata of R6/2
mice through osmotic mini-pumps. Indeed, we demonstrated that all three doses prevented cognitive
defects, while only the highest dose attenuated motor phenotypes (Birolini et al. 2020).
Mechanistically, our findings indicate that hSREBP2 over-expression in glial cells carries out its
beneficial effect by acting on different aspects of the disease. The synaptic effect of AAV delivery of
hSREBP?2 is certainly the relevant one, and it is supported by the evidence of normalization in the
level of synaptic proteins and of both inhibitory and excitatory synaptic communication of MSNs.
Newly synthetized cholesterol from astrocytes may facilitate synaptic vesicle fusion and exocytosis
(Linetti et al. 2010) or bind to proteins involved in synaptic transmission (Thiele ez al. 2000; Pfrieger
2003c; Allen et al. 2007).

Our current data also suggest that the mechanisms by which stimulation of cholesterol biosynthesis
counteracts synaptic dysfunction in HD mice do not involve major transcriptional changes. Nor are
the mRNA levels of a subset of genes involved in glial or energy metabolism influenced by exogenous

hSREBP.

11



At the neuropathological level, increased hSREBP2 in the striatum of R6/2 mice reduced the number
and size of muHTT aggregates, supporting the notion that enhanced cholesterol biosynthesis may
participate in inducing clearance pathways, as we recently showed in the striata of HD mice following
striatal infusion of cholesterol through osmotic mini-pumps (Birolini ez al. 2020). The fact that in the
current study the transgene was delivered to astrocytes suggests that clearance may also occur by a
non-cell autonomous mechanism.

Importantly, hSREBP2 over-expression in glial cells rescues specific neurochemical features in
MSN:ss. In fact, reduced striatal DRD2 was consistently demonstrated in patients (Andrews et al. 1999;
Weeks et al. 1996; Glass et al. 2000; Feigin et al. 2007; Van Oostrom et al. 2009) and murine models
(Cha et al. 1998; Ariano et al. 2002; Pouladi et al. 2012; Crook & Housman 2012; Valenza et al.
2015b) and its dysregulation is a sensitive measure of HD pathology (Crook & Housman 2012). Of
note, a loss of dopamine receptors has also been correlated with early cognitive decline (Backman
and Farde, 2001). Our X-Clarity approach applied to the striatum allowed for the first time an accurate
measurement and quantification of striatal MSNs in situ and confirmed the decrease in the level of
DRD2 in MSNs (Crook & Housman 2012). Importantly, we show that HD neurons, which receive
more cholesterol from hSREBP2 over-expressing astrocytes, increase DRD2 expression and are
quantifiable through two-photon imaging. These findings also suggest that within the striatum, the
astrocyte-neuron signaling may be synapse- and cell-specific by acting at least on the DRD2-MSNs,
as recently proposed (Martin et al. 2015). The observed rescue in DRD2-MSNSs, and in other synaptic
features, may be favored by a closer contact between neurons and astrocytes, which is reduced in
R6/2 astrocytes (Octeau et al. 2018).

In a similar gene therapy approach, the gene encoding for CYP46A1, the enzyme that converts
cholesterol into the neuronal cholesterol catabolite 24S-OHC, was delivered into striatal neurons of
HD mice by use of an AAVrh10 vector (Boussicult e al. 2016; Kacher et al. 2019). The treatment
decreased the number and size of muHTT aggregates and improved motor deficits in R6/2 mice
(Boussicult et al. 2016) and provided long-lasting improvement in zQ175 HD mice (Kacher et al.
2019). In both studies, levels of cholesterol precursors were restored or increased in the HD striatum
following AAV-delivery of CYP46A1. In our study, we show increased levels of 24S-OHC following
AAV-delivery of hASREBP2 in glial cells, although Cyp46A1 mRNA remained unchanged, supporting
the close balance between cholesterol synthesis and catabolism in the diseased brain.

In conclusion, our findings confirm the role of astrocytes as important regulatory cell types in brain
function and behavior (Araque et al. 2014; Santello et al. 2019) and in neurodegenerative disorders,
including HD (Khakh et al. 2017; Covelo & Araque 2018). By targeting astrocytic cholesterol

signaling in the striatum we were able to rescue biochemical, neuropathological, functional, and
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behavioral features in HD mice. Thus, SREBP2 gene transfer to astrocytes may be a therapeutic

option to fight core features of this disease.

Materials and Methods

Colony management

Our R6/2 colony lifespan was approximately of 13 weeks and it was maintained through the male
line exclusively (Mangiarini ef al. 1996). Transgenic R6/2 males were paired with non-carrier females
(B6CBAF1/J, purchased from Charles River). The CAG repeat length of the animals used in this
study is 130-170 CAGs (Laragen). Changes that could affect strain productivity, general behavior,
litter size, pup survival, genotype frequency, and phenotype were constantly monitored.

The Drd2-eGFP colony is a transgenic mouse line generated in 2003 by the GENSAT (Gene
Expression Nervous System Atlas) project at Rockefeller University in New York (Gong et al. 2003).
Primary labelling was found to occur in Drd2 positive medium spiny neurons from the indirect basal
ganglia pathway. In this work, this model was crossed with R6/2 mice in order to label in vivo Drd2-
expressing medium spiny neurons.

All mice were weaned at 21 day (+/- 3 days). Mice were housed under standard conditions (22 + 1°C,
60% relative humidity, 12 hours light/dark cycle, 3—4 mice/cage, with food and water provided ad
libitum). After PCR genotyping (Mangiarini et al. 1996; Gong et al. 2003), male and female mice
were included and randomly divided into experimental groups. Littermates were included as controls.
Animal care was conducted in accordance with standard ethical guidelines approved by the Italian
Governing Law (D.gs 26/2014; Authorization n.324/2015-PR issued May 6, 2015 by Ministry of
Health); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition) and the EU
directives and guidelines (EEC Council Directive 2010/63/UE) and the local ethics committee

approved the experiments.

Viral production

Starting from pZac2.1 gfaABC1D-tdTomato (from Addgene) and pcDNA3.1 hSREBP2(402)-eGFP
(from T. Osborne; Zoumi et al. 2005) we produced a pZac vector expressing hSREBP2 fused with
tdTomato. These vectors were used to produce the viral constructs AAV?2/5-gfaABC1D-tdTomato
(1,7 x 10* U/mL) and AAV2/5-gfaABC1D-hSREBP2-tdTomato (1,7 x 10® U/mL) contained the
expression cassette consisting of either tdTomato or the active N-terminal fragment of hASREBP2 (1-
482 aa), driven by the minimal GFAP promoter (gfaABC1D) surrounded by inverted terminal repeats
of AAV2/5.
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HSV1-JDNI8/gfaABC1D-tdTomato (5 x 10° pfu/mL) was produced and purified as previously
described (Verlengia et al. 2017). Briefly, ICP4/ICP27-complementing U20S cells were transfected
with purified BAC-DNA engineered to contain the HSV1-JDNI8/gfaABC1D-tdTomato vector
genome. Depending upon kinetics of cytopatic effects, 7-10 days from transfection supernatant was
collected and reused for virus amplification in the same cell line, in order to obtain a highly
concentrated vector stock. Estimation of vector titer was carried out by gPCR for quantitatively

detecting the glycoprotein D gene (Miyagawa et al. 2015).

Stereotaxic injection of JDNIS-gfaABCI1D-tdTomato, AAV2/5-gfaABCI1D-tdTomato and AAV2/5-
gfaABCI1D-hSREBP2-tdTomato

7-weeks-old mice were deeply anesthetized with Avertin 2.5% (15 uL/gr body weight). The virus
was injected by implantation of a borosilicate glass needle into the right striatum of mice via
stereotaxic surgery using an automated infusion syringe pump (KD Scientific, KDS100), on which a
50 uLL Gastight Syringe Model 1705 TLL with PTFE Luer Lock (Hamilton, 80920) could be mounted.
In order to favor needle entry and vector spread in the injected striata, we used borosilicate needles
customized by laser shaping with the Leica Laser Microdissector CTR6000 (Leica Microsystems),
that allowed a 45 degrees edge chamfering of tip (inner diameter at tip = 60 ym) and, moreover, to
open an additional circular hole (@ 20 ym) about 100 zm from the beveled edge (Paolone et al. 2018).
The following stereotaxic coordinates were used: 2 mm lateral to midline, 0.74 mm rostral to the
bregma, 3.5 mm ventral to the skull surface; from Paxinos G and Watson C. The Rat Brain in
Stereotaxic Coordinates. Academic Press, San Diego. The rate of injection was 12 y1/min with a total
volume of 2 uL.

Assessment of post-operative pain and distress was performed using a specific table for pain scoring
based on behavioral indicators of well-being and monitoring mice body weight(Lloyd & Wolfensohn

1998).

Immunohistochemistry analysis

4 weeks after the infection anesthetized mice were transcardially perfused with PFA 4%. Brains were
post-fixed overnight in PFA 4% at 4°C and then in 30% sucrose to prevent ice crystal damage during
freezing in OCT.

15 pum coronal sections or 30 wm coronal sections were prepared for immunohistochemical analysis.
Epitopes were demasked at 98°C with NaCitrate 10 mM and then slices were incubated with the
following primary antibodies for 3h at RT: rabbit anti-SREBP2 (1:100; Ls-Bio, LS-C179708), rabbit
anti-RFP (1:100, MBL, PMO005), mouse anti-RFP (1:100, Thermo Fisher, MA5-15257), anti-
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DARPP32 (1:100; Cell Signalling, 2306), mouse anti-NeuN (1:100; Millipore, MAB377); rabbit anti-
GFAP (1:250; Dako, Z0334), rabbit anti-IBA1 (1:100, Wako, 019-19741), rabbit anti-Huntingtin
clone EM48 (1:100; Millipore, MAB5374). Anti-rabbit Alexa Fluor 568-conjugated goat secondary
antibodies (1:500; Invitrogen), anti-rabbit Alexa Fluor 633-conjugated goat secondary antibodies
(1:500; Invitrogen) or anti-mouse Alexa Fluor 488-conjugated goat secondary antibodies (1:500;
Invitrogen) were used for detection (1h at RT). Sections were counterstained with the nuclear dye
Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using Vectashield (Vector

Laboratories).

Image acquisition and quantification

To study the spread of the viruses, large images were acquired with a Nikon Crest X-Light V2
microscope at 4x.

To study the tropism of the viruses and to count muHTT aggregates, confocal images (5 to 10-z steps)
were acquired with a LEICA SP5 laser scanning confocal microscope. Laser intensity and detector
gain were maintained constant for all images. To count aggregates in the striatum 18 images/mice
from 9 sections throughout the entire striatum were taken from three R6/2-hBP2 mice at 40x. To
quantify the number and the size of aggregates, ImageJ software was used to measure the

fluorescence. Images were divided into three-color channels and the same global threshold was set.

RNA extraction and gRT-PCR

4 weeks after the infection, mice were sacrificed by cervical dislocation and tissues were isolated and
frozen. Total RNA from the infused striatum and the ipsi-lateral cortex of treated mice was extracted
with TRIzol reagent (Life Technologies, 15596026). RNA quality check was carried out on 1%
agarose gel. Potential contamination of DNA was removed using the Ambion® DNA-free™ Kit
(Invitrogen, AM1906). 500 ng of RNA was retrotranscribed to single-stranded cDNA using the
iScript cDNA synthesis kit (Bio-Rad, 1708891). The analyses were performed in 3 animals/group.
For each sample, two different reverse transcription were performed. For each cDNA reaction, one
or two conventional JPCR were performed in a CFX96 Real-Time System (Bio-Rad) in a 15 ul
volume containing diluited cDNA and 7.5 pL iQ EVA Green Supermix (Bio-Rad, 172-5204), 7.5 uL.
nuclease-free water and 0.33 uM forward and reverse primers. The amounts of target transcript were
normalized to [3-actin as reference gene. Table S1 summarizes the primer sequences and melting

temperature used in this work.

Synaptosomes preparation and WB analysis
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Mice were sacrificed by cervical dislocation and the tissues were isolated and frozen. Syn-PER
Synaptic Protein Extraction Reagent (Thermo Fisher Scientific, 87793) was used for synaptosome
purification from the striatum and the ipsi-lateral cortex accordingly to the manufacturer instruction.
Briefly, a volume of 10 mL of Syn-PER Reagent per gram of tissue was added and tissues were
homogenized on ice. The homogenate was centrifuged at 1,200 x g for 10 min at 4°C. The supernatant
was centrifuged at 15,000 x g for 20 min at 4°C to pellet synaptosomes. The pellet was resuspended
in Syn-PER Reagent. Proteins were quantified with Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, 23225).

Criterion TGX Stain Free Precast Gels 7.5% (Bio-Rad, 5678023) or Any kD (Bio-Rad, 5678123)
were used for Western Blot analysis. Membranes were incubated with the following primary
antibodies over night at 4°C: rabbit anti-RFP (1:1000; MBL, PMO005), rabbit anti-SREBP2 (1:1000;
LS-Bio, LS-B4695), mouse anti-SYP (1:500; Abcam, ab8049), mouse anti-SNAP25 (1:1000;
Abcam, ab66066), rabbit anti-VAMP1 (1:1000; Abcam, ab151712), mouse anti-PSD95 (1:1000;
SySy, 124011), rabbit anti-SHANK3 (1:1000; SySy, 162302), rabbit anti-NMDARI1 (1:500;
MerckMillipore, Ab9864), rabbit anti-GAPDH (1:5000; Abcam, ab37168). Goat anti-mouse 1gG-
HRP (1:3000; Bio-Rad, 1706516) or Goat anti-rabbit IgG-HRP (1:3000; Bio-Rad, 1706515) were
used for detection (1h at RT). Proteins were detected using Clarity Western ECL Substrate (Bio-Rad,
1705061) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
34096) using ChemiDoc MP System (Bio-Rad). Protein levels were normalized using GAPDH (for
the cytosolic fraction) or using 6 different protein bands of the stain-free technology (for
synaptosomes). 4 animals/group were analyzed by western blotting and for each protein, two or three

technical replicates were performed.

X-clarity and 2-photon imaging

4 weeks after the infection anesthetized mice were transcardially perfused with PFA 4%. Brains were
post-fixed overnight and sliced with a Leica VT1000S Vibrating blade microtome (Leica
Biosystems). From each mouse, two 1-mm thick coronal brain slices were prepared, from which the
infused and the contra-lateral striatum were isolated. Tissues were clarified using the X-Clarity
system (Logos Biosystem) according to manufacturer instructions. Briefly, tissues were incubated in
embedding solution (Logos Biosystems, C13104) at 4°C for 24h at most, allowing hydrogel
monomers to diffuse uniformly throughout the samples and to covalently link biomolecules including
proteins, nucleic acids and small molecules. Polymerization was performed by placing the samples
within the X-CLARITY™ Polymerization at 37°C for 3 hours under vacuum condition (-90kPa).

Following washing steps, the hydrogel-embedded tissues were rinsed with Electrophoretic Tissue
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Clearing (ETC) Solution (Logos Biosystems, C13001) and moved into the X-CLARITY™ Tissue
Clearing System II (Logos Biosystems, C30001) chamber, filled with the ETC solution in which the
application of a uniform electric current (1.5 A) at a controlled temperature of 37°C enabled the active
extraction of lipids from tissues in about 2-3 hours.

After clearing, samples were washed with PBS 1X overnight at RT to remove residual SDS. The
endogenous signal (eGFP) was acquired by using a A1 MP+ microscope (Nikon) equipped with
Ti:Sapphire MP tunable laser (680 - 1080 nm) using the water plan-Apo LWD 25 X objective (NA
1.1). Images were acquired with the following settings: 16 bit, Z-stack of approximately 400 um with
a Z step size of 5 um. The endogenous fluorescent protein eGFP was excited at a wavelength of 900
nm. For each striatum, 2-3 images were acquired. Images were processed using the software NIS-
Elements (Nikon). First, a 3D deconvolution algorithm was applied to improve image quality.
Afterwards, background was removed using the rolling ball correction. To quantify the number of
cells expressing eGFP, a mask was applied using a plugin for 3D reconstruction. For each image, the

number of cells expressing eGFP was normalized on the Z volume acquired.

Electrophysiological analysis

Experiments were performed on submerged brain slices obtained from 12 week old mice. Animals
were anesthetized by inhalation of isoflurane and decapitated. The head was rapidly submerged in
ice-cold (~ 4°C) and oxygenated (95% O, - 5% CO.,) cutting solution containing: Sucrose 70 mM,
NaCl 80 mM, KCIl 2.5 mM, NaHCO, 26 mM, Glucose 15 mM, MgCl, 7 mM, CaCl, I mM and
NaH.PO, 1.25 mM. Striatal coronal slices (300-um-thick) were cut using a vibratome (DTK-1000,
Dosaka EM, Kyoto, Japan) and allowed to equilibrate for at least 1 hour in a chamber filled with
oxygenated ACSF containing: NaCl 125 mM, KCl1 2.5 mM, NaHCO, 26 mM, Glucose 15 mM, MgCl,
1.3 mM, CaCl.2.3 mM and NaH.PO. 1.25 mM. The slices collected from the hemisphere ipsilateral
to the infusion site were transferred to a submerged-style recording chamber at room temperature (~
23-25°C) and were continuously perfused at 1.4 ml/min with ACSF. The chamber was mounted on
an E600OFN microscope (Nikon) equipped with 4X and 40X water-immersion objectives (Nikon) and
connected to a near-infrared CCD camera for cells visualization.

Data were obtained from MSNs using the whole-cell patch-clamp technique in both voltage- and
current-clamp mode. The patch pipette was produced from borosilicate glass capillary tubes
(Hilgenberg GmbH) using a horizontal puller (P-97, Sutter instruments) and filled with an
intracellular solution containing: Cs-methanesulphonate 120 mM, KC1 5 mM, CaCl, 1 mM, MgCl, 2
mM, EGTA 10 mM, Na,ATP 4 mM, Na,GTP 0.3 mM, Hepes 8 mM and lidocaine N-ethylbromide 5
mM (added to inhibit firing by blocking intracellularly the voltage-sensitive Na* channels) (pH
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adjusted to 7.3 with KOH). Spontaneous excitatory postsynaptic currents (SEPSCs), mediated by the
activation of ionotropic glutamate receptors, were recorded from MSNs at a holding potential of -70
mV, whereas spontaneous inhibitory postsynaptic currents (sIPSCs), elicited by the activation of
GABA, receptors, were assessed at a holding potential of 0 mV. The signals were amplified with a
MultiClamp 700B amplifier (Molecular Devices) and digitized with a Digidata 1322 computer
interface (Digitata, Axon Instruments Molecular Devices, Sunnyvale, CA). Data were acquired using
the software Clampex 9.2 (Molecular Devices, Palo Alto, CA, U.S.A.), sampled at 20 kHz and filtered
at 2 kHz.

The off-line detection of spontaneous postsynaptic currents (SPSCs) were performed manually using
a custom-made software in Labview (National Instruments, Austin, TX, U.S.A.). The amplitudes of
sPSCs obeyed a lognormal distribution. Accordingly, the mean amplitude was computed as the peak
of the lognormal function used to fit the distribution. Intervals (measured as time between two
consecutive sPSCs) for spontaneous events were distributed exponentially and the mean interval was

computed as the tau (rt....) value of the mono-exponential function that best fitted this distribution.

The reciprocal of t (1/1) is the mean of the instantaneous frequencies of sPSCs. Furthermore, the
analysis of the membrane capacitance (C,) and the input resistance (R,) was performed using Clampfit
10.2 (Molecular Devices, Palo Alto, CA, U.S.A.). C, was estimated from the capacitive current
evoked by a -10 mV pulse, whereas R, was calculated from the linear portion of the I-V relationship
obtained by measuring steady-state voltage responses to hyperpolarizing and depolarizing current

steps.

Behavioral tests

Mice behavior was evaluated at 11 weeks of age. Animals were assigned randomly and sex was
balanced in the various experimental groups. All the behavioral analyses were performed in blind.
Activity Cage: spontaneous locomotor activity was evaluated by the activity cage test, in presence of
a low-intensity white light source. The animal was placed in the center of the testing, transparent,
arena (25 cm x 25 cm) (2Biological Instrument) and allowed to freely move for an hour. Following
15 minutes of habituation, both horizontal and vertical motor activities were assessed by an automated
tracking system (Actitrack software, 2Biological Instrument) connected to infrared sensors
surrounding the arena. Total distance travelled, mean velocity speed, stereotyped movements and
numbers of rearings were evaluated. The % of time that mice explored the periphery or the center
area of the was evaluated as a measure of anxiety-like behavior.

Novel Object Recognition (NOR) test: long-term memory was evaluated by the NOR test, using a

grey-colored, non-reflective arena (44 x 44 x 44 cm). All phases of the test were conducted with a
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low-intensity white light source. In a first habituation phase, mice were placed into the empty arena
for 10 min. The habituation phase was followed by the familiarization one, in which two identical
objects (A" and A") were presented to each animal for 10 min. Twenty-four hours later, during the
testing phase, the same animals were exposed to one familiar object (A”) and a new object (B) for
10 min. A measure of the spontaneous recognition memory was represented by the index of
discrimination, calculated as (time exploring the novel object —time exploring the familiar
object) / (time exploring both objects) x 100. Mice exploring less than 7 sec. were excluded from the
analysis due to their inability to perform the task.

Grip strength test: mice were lifted by the lower back and tail and lowered towards the grip (Ugo
Basile) until the animal grabbed it with both front paws. The animal was then lowered toward the
platform and gently pulled straight back with consistent force until it released its grip. The forelimb
grip force, measured in grams, was recorded. The test was repeated for 5 times, and measures were
averaged. After testing, animals were placed back into their home cage.

Paw clasping test: mice were suspended by the tail for 30 s and the clasping phenotype was graded
according to the following scale: level 0, no clasping; level 1, one hindlimb retracted toward the
abdomen; level 2, both hindlimbs retracted toward the abdomen; level 3, both hindlimbs entirely

retracted and touching the abdomen. After testing, animals were placed back into their home cage.

Statistics

Prism 8 (GraphPad software) was used to perform all statistical analyses. Data are presented as means
+ standard error of the mean (SEM). Grubbs’ test was applied to identify outliers. For each set of data
to be compared, we determined whether data were normally distributed or not to select parametric or
not parametric statistical tests. The specific statistical test used is indicated in the legend of all results
figures. Differences were considered statistically if the p-value was less than 0.05. To pre-determine
sample sizes, we used G-power analysis based on pilot or previous studies. For animal studies, mice
were assigned randomly, and sex was balanced in the various experimental groups; animals from the
same litter were divided in different experimental groups; blinding of the investigator was applied to

in vivo procedures and all data collection. Table S2 summarizes all the trials and read-outs performed.
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Figure 1. In vivo characterization of AAV2/5-gfaABC1D-tdTomato and AAV2/5-gfaABC1D-hSREBP2-
tdTomato

A-B. Scheme of the viruses and experimental paradigm used in the study, and readouts performed. Mice at 7
weeks of age were unilaterally infected in the right striatum with HSV or AAV expressing tdTomato under
the control of the gfaABCI1D promoter (A). Mice were sacrificed 4 weeks later and brains were collected to
study viral spread and tropism (B).

C.Representative large images of coronal brain slices of wt mice infected with AAV2/5-gfaABC1D-tdTomato
with immunostaining against tdTomato (red) to visualize AAV spread. Scale bar is 1000 gm.

D. Representative confocal images of coronal brain slices of wt mice infected with AAV2/5-gfaABC1D-
TdTomato with immunostaining against tdTomato (red) and GFAP, IBA1, S100B, NeuN, and DARPP32
(green) to visualize viral tropism with relative signal quantification. Scale bar is 5 ym.

E-F. mRNA levels of tdTomato (E) and hSrebp?2 (F) in the striatum and cortex from wt, R6/2, R6/2-Tom, and
R6/2-hBP2 mice (n = 3 mice/group).

G-I. Protein levels (G) and relative densitometry quantification of tdTomato (H) and hRSREBP2 (I) in cytosolic
fractions from the infused hemibrains from R6/2-Tom or R6/2-hBP2 (n = 4 mice/group). Stain-free imaging
and GAPDH were used for normalization.

J. Representative large image and high-magnification confocal image (crop) of coronal brain slices of R6/2-
hBP2 mice with immunostaining against GFAP (green) and SREBP2 (red).

K. mRNA levels of mSrebp2 in the hemi-brains of wt and R6/2 mice, and in the infused hemi-brains of R6/2-
Tom and R6/2-hBP2 mice (n = 3 mice/group).

L. mRNA levels of mSrebp2 and hSrebp2 in the infused hemi-brains from R6/2-hBP2 mice (n = 3).

Hoechst was used to counterstain nuclei (blue) in C, D, J. Scale bar is 1000 gm (C), 5 um (D), 2000 ym (J,
up), and 10 ym (J, down). Data (E,F, H, I, K, and L) are shown as scatterplot graphs with means + SEM. Each
dot corresponds to the value obtained from each animal. Statistics: one-way ANOVA with Newman—Keuls

post-hoc test (**p < 0.01).

Figure 2. mRNA transcript levels of cholesterol biosynthesis genes and levels of synaptic proteins
following glial h\SREBP2 over-expression

A. Genes encoding enzymes of cholesterol biosynthesis whose expression was analyzed by qPCR (red).
Products of the Bloch and Kandutsch-Russell pathways are in blue and pink, respectively.

B-G. mRNA levels of hydroxymethylglutaryl-coenzyme A reductase (Hmgcr) (B), mevalonate kinase (Mvk)
(C), squalene synthase/farnesyl-diphosphate farnesyl transferase 1 (Sgs/Fdftl) (D), cytochrome p450
lanosterol 14-alpha-demethylase (Cyp51) (E), 7-dehydroxycholesterol reductase (Dhcr?7) (F), and cholesterol
24-hydroxylase (Cyp46al) in the hemibrain from wt, R6/2, R6/2-Tom mice, and R6/2-hBP2 mice (n = 3
mice/group).

H-K. Lanosterol (H), Lathosterol (I), desmosterol (J), and 24-OHC (K) levels measured by GC-MS in the
infused striata of wt-Tom, R6/2-Tom, and R6/2-hBP2 mice (n = 4—6 mice/group).
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L-M. Protein levels (L) and relative densitometry quantification (M) of synaptophysin (SYP), synaptosome-
associated protein 25 (SNAP25), and vesicle-associated membrane protein 1 (VAMPI1) in synaptosomes
purified from the infused hemi-brains from wt-Tom mice, R6/2-Tom mice, and R6/2-hBP2 mice (n = 4
mice/group).

N-O. Protein levels (N) and relative densitometry quantification (O) of postsynaptic density protein 95
(PSD95), SH3 and multiple ankyrin repeat domains 3 (SHANK3), and N-methyl-D-aspartate receptor
(NMDARU1) in synaptosomes purified from the infused hemi-brains from wt-Tom mice, R6/2-Tom mice, and
R6/2-hBP2 mice (n = 4 mice/group). Stain-free imaging was used as a loading control and for normalization.
Data (B-K, M, and O) are shown as scatterplot graphs with means + SEM. Each dot corresponds to the value
obtained from each animal. See Supplementary Figures S4 and S5 for full-length pictures of the blots shown
in L and N. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p < 0.05; **p < 0.01; ***p <
0.001) or unpaired Student’s t-test (#p < 0.05).

Figure 3. Electrophysiological analysis in MSNs of R6/2 mice following glial h\SREBP2 over-expression
A. Schematic representation of the electrophysiological parameters analyzed in striatal MSNs of mice (stained
with biocytin) following 4 weeks of AAV infusion. Scale bar is 5 ym.

B-C. Membrane capacitance (Cm, B) and input resistance (Rin, C) recorded from wt-Tom MSNs (n=8) and
from the contralateral (n = 5) and infused (n = 8) MSNSs of R6/2-hBP2 mice.

D-F. Spontaneous EPSCs recorded from MSNs at a holding potential of -70 mV (D). Average amplitude (E)
and average frequency (F) of EPSCs from wt and R6/2-hBP2 mice MSNss.

G-I. Spontaneous IPSCs recorded from MSNs at a holding potential of 0 mV (G). Average amplitude (H) and
average frequency (I) of IPSCs from wt and R6/2-hBP2 mice MSNs.

Data (B, C, E, F, H, and I) are shown as scatterplot graphs with means + SEM. Each dot corresponds to the
value obtained from each animal. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p < 0.05;

*#p < 0.01; #***%p < 0.0001; ***p < 0.001).

Figure 4. muHTT aggregation and number of Drd2 neurons in R6/2 mice following glial h\SREBP2 over-
expression

A—C. Immunolabeling of muHTT aggregates (green) (A) and relative quantification of number (B) and size
(O) in infused and contralateral striata of R6/2-Tom mice or R6/2-hBP2 mice (n = 3-5/group). Hoechst (blue)
was used to counterstain nuclei. Scale bar is 10 ym.

D. Experimental paradigm used in the X-Clarity experiment. R6/2 mice were crossed with mice having Drd2-
expressing MSNs tagged with GFP to obtain an HD line with neurons from the indirect pathway expressing
GFP. Drd2 mice at 7 weeks of age were infected with AAV2/5-gfaABC1D-tdTomato (Drd2-wt-Tom) while
Drd2-R6/2 mice were infected with AAV?2/5-gfaABC1D-tdTomato (Drd2-R6/2-Tom) or with AAV2/5-
gfaABC1D-hSREBP2-tdTomato (Drd2-R6/2-hBP2). Mice were sacrificed 4 weeks later and two 1 mm-thick

brain coronal slices (comprehending the striatum) were prepared from each animal. From each slice, the
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portion including the infused and the contralateral striatum was isolated and clarified using the X-clarity
technology (n = 5 mice/group).

E. Representative two-photon imaging of the endogenous signals of GFP (green) and TdTomato (red) of 1-
mm thick brain coronal slices from Drd2-wt-Tom (infused hemisphere).

F—G. Representative two-photon imaging (F) of the endogenous signal of GFP (green) of 1-mm thick brain
coronal slices from Drd2-wt-Tom (infused hemisphere), Drd2-R6/2-Tom (infused hemisphere), and Drd2-
R6/2-hBP2 (contralateral and infused hemisphere) with relative 3D reconstruction and quantification (G).
Data (B, C and G) are shown as scatterplot graphs with means + SEM. Each dot corresponds to an image. The
number of neurons was normalized on the z-stack acquired. Statistics: one-way ANOV A with Newman—Keuls

post-hoc test (*p < 0.05; **p < 0.01; ****p < (0.0001).

Figure 5. Cognitive and motor abilities of R6/2 mice following glial h\SREBP2 over-expression

A-E. Global activity (A), distance traveled (B), and number of rearings (C) in an open-field test in wt-Tom (n
= 13), R6/2-Tom (n = 14), and R6/2-hBP2 (n = 13). Representative track plots (D) from the open-field test
from wt-Tom (n = 13), R6/2-Tom (n = 14), and R6/2-hBP2 (n = 13) and relative quantification (E) of the time
spent (%) in the center and in the periphery of the arena.

F. Grip strength (grams) in wt-Tom (n = 13), R6/2-Tom (n = 15), and R6/2-hBP2 (n = 13).

G. Paw clasping in wt-Tom (n = 13), R6/2-Tom (n = 15), and R6/2-hBP2 (n = 13).

H. Discrimination index (DI %) in the novel object recognition test of wt-Tom (n = 12), R6/2-Tom (n = 15),
and R6/2-hBP2 (n = 13). DI above zero indicates a preference for the novel object; DI below zero indicates a
preference for the familiar object.

Data (A-C and F-H) are shown as scatterplot graphs with means + SEM. Each dot corresponds to the value
obtained from each animal. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001) or unpaired Student’s t-test (#p < 0.05; ##p <0.01).
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Supplementary Figures Legend

Figure S1. Spread and tropism of HSV-gfaABC1D-TdTomato

A. Representative large images of coronal brain slices of wt mice infected with HSV-gfaABC1D-TdTomato
with immunostaining against TdTomato (red) to visualize viral spread. Hoechst were used to counterstain
nuclei (blue). Scale bar is 1000 pm.

B. Representative confocal images of coronal brain slices of wt-HSV-gfaABC1D-TdTomato mice with
immunostaining against TdTomato (red) and DARPP32, NeuN, and GFAP (green) to visualize viral tropism.

Hoechst were used to counterstain nuclei (blue). Scale bar is 10 yzm.

Figure S2. Gene expression analysis of genes involved in cholesterol metabolism, glial metabolism and
synaptic activity

A-D. mRNA level of ATP-binding cassette transporter (Abcal) (A), Apolipoprotein E (ApoE) (B), Low
density lipoprotein receptor-related protein 1 (Lrpl) (C), and Cholesterol 24-hydroxylase (Cyp46al) (D). in
the hemi-brain of wt and R6/2 mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (n =
3 mice/group).

E-G. mRNA level of Glutamate transporter 1 (Glt1) (E), S100 calcium binding protein B (S/00b) (F), and
potassium inwardly-rectifying channel, subfamily J, member 10 (Kir4.1) (G) in the hemi-brain of wt and R6/2
mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (rn = 3 mice/group).

H-L. mRNA levels of Brain derived neurotrophic factor (Bdnf) (H), Complexin-2 (Cplx2) (I), SH3 and
multiple ankyrin repeat domains 3 (Shank3) (J), Homer scaffolding protein (Homer) (K), and Growth-
associated protein 43 (Gap43) (L) in the hemi-brain of wt and R6/2 mice and in the infused hemibrain from
R6/2-Tom, and R6/2-hBP2 mice (n = 3 mice/group).

Data (A-L) are shown as scatterplot graphs with means + SEM. Each dot corresponds to the value obtained
from each animal. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p<0.05; **p<0.01;
*¥#¥p<0.001; ¥**¥p<0.0001).

Figure S3. Gene expression analysis of genes involved in energy metabolism and autophagy

A-I. mRNA levels of GTP-binding protein Rhes (Rhes) (A), Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (Pgcla) (B), Superoxide dismutase 2 (Sod2) (C), Peroxisomal adenine nucleotide
transporter 1 (Antl) (D), cytochrome complex (Cyt-c) (E), Inhibitor Of Nuclear Factor Kappa B Kinase
Subunit Beta (Ikbkb) (F), Histone deacetylase 4 (Hdac4) (G), Microtubule-associated proteins 1A/1B light
chain 3B (Lc3b) (H), and Autophagy Related 4D Cysteine Peptidase (Azg4d) (I) in the hemi-brain of wt and
R6/2 mice and in the infused hemibrain from R6/2-Tom, and R6/2-hBP2 mice (n = 3 mice/group).

Data (A-I) are shown as scatterplot graphs with means + SEM. Each dot corresponds to the value obtained
from each animal. Statistics: one-way ANOVA with Newman—Keuls post-hoc test (***p<0.001;
*E¥*p<0.001).
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Figure 3
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Figure 4
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Figure 5
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Supplementary Figure S1
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Supplementary Figure S2
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Supplementary Figure S3
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Supplementary Figure S4
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Supplementary Figure S5
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Table S1

Table S1. Primers List

Target Pathway Oligo Name Sequence Tm [°C] GC% Length [mer] Protocol Ta[°C] PCR product (bp)
e R mAct!anW AGTGTGACGTTGACATCCGTA 57,9 47,6 21 B 60 12
mActin-RV GCCAGAGCAGTAATCTCCTTCT 60,3 50 22
hSREBP2 e hSREBP2-FW GTACAGCCGGTCACCATTCA 59,4 55 20 EvaGreen 60 74
hSREBP2-RV CCATTGGCCGTTTGTGTCAG 59,4 55 20
mSREBP2 Cholesterol Synthesis mSREBR2-EW) GUCICIE AACECCITG 53,4 5 29 EvaGreen 60 131
mSREBP2-RV CCAGTCAAACCAGCCCCCAG 63,5 65 20
. mHMGCR-FW GGAGCATAGGCGGCTACA 58,2 61 18
mHMGCR Cholesterol Synthesis EvaGreen 60 191
mHMGCR-RV ACCACCCACGGTTCCTATCT 59,4 55 20
Mevalonate Kinase IMVICEW, CCEICEIGARGEEG GIEIA i o0 20 EvaGreen 60 87
Cholesterol Synthesis MVK-RV TGGTCTCCCAGCAGTCAAAC 59,4 55 20
mFDFT1 Cholesterol Synthesis mEDETEW] ACTCAGCACEAGEIGAAGACE 52,1 2 22 EvaGreen 60 152
mFDFT1-RV TGTCATCCTCCACTGTATCCAG 60,3 50 22
Lanosterol 14-alpha demethylase . CYESERW] GGEAGRGEGEMMGGA A S 55 29 EvaGreen 60 97
Cholesterol Synthesis CYP51-RV. ATGACGCCCAGCTCCAAATG 59,4 55 20
7-dehydrocholesterol reductase DHCR7ZEW) GENEEIGACIEIGECACH e 55 20 EvaGreen 57 86
Cholesterol Synthesis DHCR7-RV TGTTTACAACCCCTGCTGGA 57,3 50 20
mCYP46A1 Cholesterol Catabolism mGYRA5 M EW) LG OLEGTGL GGG EIGE G258 2 22 EvaGreen 60 175
mCYP46A1-RV TCGTAGTCCAGGTGCCTCTT 59,4 55 20
mAPOE Cholesterol Efflux MARGEEW, GACAGAICAGEICSAGICEE G v 20 EvaGreen 60 170
mAPOE-RV CTTCCGTCATAGTGTCCTCCAT 60,3 50 22
mABCA1-FW GTCAGCTGTTACTGGAAGTGG 59,8 52 21
mABCA1 Cholesterol Efflux MABCALRY CGCCGGGAGTTGGATAACGG 63,5 5 20 EvaGreen 60 198
LRP1 LRP1-FW AGGCCACCTCTGCAGCTGT 61 63,2 19 REEEED 60 12
Neuronal Cholesterol Uptake LRP1-RV GCTGCGGATCTCGTTGTCATC 61,8 57,1 21
mMBDNF Sy G mBDNF-FW TCGTTCCTTTCGAGTTAGCC 57,5 50 20 EvaGreen 60 97
mBDNF-RV TTGGTAAACGGCACAAAAC 52,4 42,11 19
mCPLXIT Synaptic Gene mCPLXII-FW AGTGGCTTAGACGGTTGCTG 59,4 55 20 AT 60 78
mCPLXII-RV TTCGCATTCAGCACTCCTGG 59,4 55 20
mShank3 Sy G mShank3-FW AGGAACTTGCTTCCATTCGGA 57,9 48 21 EvaGreen 57 160
mShank3-RV ATCTCAGCAGGGGTGATCCT 59,4 55 20
e Synaptic Gene mHomer-FW TGGACTGGGATTCTCCTCTG 59,4 55 20 B 57 216
mHomer-RV TGTGTCACATCGGGTGTTCT 57,3 50 20
mMGAP43 SynapticGene mGAP43-FW GGAGAAAGACGCTGTAGACGAA 60,3 50 22 EvaGreen 60 7
mMGAP43-RV TCGGGGTCTTCTTTACCCTCA 59,8 52 21
mGLT1 Channels & Transporters e E A IIC GG EAG e G EES Bo B 20 EvaGreen 60 119
mGLT1-RV TCTATCCAGCAGCCAGTCCA 59,4 55 20
mS1008 Marker for Glia nS100/Z5W] CGAGGTETCTCAGTICETS 588 58 2) EvaGreen 60 72
mS100B-RV TCGTCCAGCGTCTCCATCACT 61,8 57 21
mKIR4.1 Channels & Transporters mKIRASEEW) ICIGITEATEIGIEACSEIGE 605, it 20 EvaGreen 60 70
mKIR4.1-RV GACGTCATCTTGGCTCGAAGG 61,8 57,14 21
mRHES mTOR & Its Regulators MRHES: KW AGGIGIACAACATIECAGG GG B4 53 20 EvaGreen 60 107
mMRHES-RV GACATCTCCTGTGAGGATGGAG 62,1 55 22
mPGCla Mitochondrial Activity mRGELRVY) LGIECETE CANEEGEIG B0 55 20 EvaGreen 60 94
mPGCla-RV CCCTTGGGGTCATTTGGTGA 59,4 55 20
mSOD2 Mitochondrial Activity MSODZEW AGGAGCEAGGICEEIACES 0 55 20 EvaGreen 57 75
mSOD2-RV GCGGAATAAGGCCTGTTGTT 57,3 50 20
mANT1 Mitochondrial Activity mANTEEW GG GG GIGICEIATECSTIY EIE5 55 20 EvaGreen 60 76
mMANT1-RV ATAATATCAGCCCCTTTCCGGC 60,3 50 22
mCYTC Mitochondrial Activity METGEW ACCAGECETCAACARNAASA B8 35 22 EvaGreen 60 114
mCYTC-RV GGTCCAGTCTTATGCTTGCCT 59,8 52 21
mIKK mHTT Clearance mIKK-FW ATGAACGAGGACGAGAGGAC 59,4 55 20 EvaGreen 60 9%
mIKK-RV ACCTCGGACTTTGCTACAGG 59,4 55 20
mHDACA mHTT Clearance mHDAC4-FW CAGACAGCAAGCCCTCCTAC 61,4 60 20 R 60 161
mHDAC4-RV. GGACTGACATGGGGAAGGTG 61,4 60 20
mLC3B Ay mLC3B-FW CCGTCCGAGAAGACCTTCAA 59,4 55 20 EvaGreen 60 108
mLC3B-RV TCGCTCTATAATCACTGGGATCT 58,9 43,48 23
mLC3B Autophagy mLC3B-FW CCGTCCGAGAAGACCTTCAA 59,4 55 20 EvaGreen 60 108
mLC3B-RV TCGCTCTATAATCACTGGGATCT 58,9 43,48 23
MATGA4D Autophagy mMATG4D-FW ACGTCAAGTATGGTTGGGCA 57,3 50 20 EvaGreen 57 103
mMATG4D-RV ATGTCACCCTCTCCCTCGAA 59,4 55 20




Table S2

Table S2. Animals used in all the experiments

N° Trial

Date
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Abstract

Cholesterol delivery to the brain is emerging as a potential treatment for Huntington’s disease (HD),
a genetic neurodegenerative disorder characterized by decreased brain cholesterol biosynthesis.
However, this approach is challenging due to the blood-brain barrier (BBB) that hinder to reach
specially the striatum with the therapeutically relevant dose.

Here we show that hybrid polymeric nanoparticles (hybrid-g7-NPs-chol), made of PLGA and
cholesterol, modified with g7-peptide for BBB crossing, let cholesterol access to different brain
regions and cells in vivo. Kinetic studies demonstrated that the release of cholesterol from hybrid-g7-
NPs-chol occurs in a slow and controlled manner in the brain allowing its accumulation over-time,
while it is rapidly released and removed from peripheral tissues and plasma.

Moreover, systemic and multiple injections of hybrid-g7-NPs-chol enhanced endogenous cholesterol
biosynthesis, prevented cognitive decline, and ameliorated motor defects in HD animals without
induction of inflammation.

In summary, this study provides insights about kinetics, release, safety, and benefits of cholesterol

delivery through advanced brain-permeable nanoparticles for HD treatment.



Targeting the brain with therapeutic agents has always been critical due to the presence of the blood-
brain barrier (BBB). During the years, several strategies have been developed to overcome this
problem and to enhance drug delivery to the central nervous system (CNS), including momentary
disruption of BBB, conjugation of ligands to drug of interest to improve BBB permeability, intranasal
delivery, or direct delivery of molecules into the brain using invasive strategies (Gao et al. 2016).
Recently, several efforts were made to develop non-invasive methods based on the use of nanocarriers
loaded with the drug of interest and decorated on their surface with antibodies or ligands to reach the
brain (Hersh et al. 2016; Saraiva et al. 2016). Accordingly, it has been demonstrated that polymeric
nanoparticles (NPs) made of the FDA-approved polymer poly(D,L-lactide-co-glycolide) (PLGA) and
surface-engineered with the peptide Gly-L-Phe-D-Thr-Gly-L-Phe-L-Leu-L-Ser(O-beta-D-glucose)-
CONH2 (g7) are able to transport, after systemic administration, molecules into the CNS (Vergoni et
al. 2009). In fact, g7-glicopeptide stimulates membrane curvatures and, following endocytosis
process of the whole carrier at BBB level, it promotes BBB crossing by multiple pathways (Tosi et
al. 2011). This system was exploited to deliver drugs to cope with Huntington’s disease (HD), a
neurodegenerative genetic disorder caused by a CAG repeat expansion in the gene encoding for the
Huntingtin protein (HTT) and characterized by motor, cognitive and psychiatric disturbances
(Zuccato et al. 2010).

One pathway affected in HD regards the reduced synthesis of brain cholesterol since pre-symptomatic
stages (Valenza et al. 2005; Valenza et al. 2007; Valenza et al. 2010; Shankaran et al. 2017) and
indirect measures indicate that this occurs also in HD patients before symptoms manifestation (Leoni
et al. 2008; 2013). Brain cholesterol derives from local synthesis by astrocytes and it is fundamental
for synaptic functions (Pfrieger 2003; Bjorkhem er al. 2004), thus, delivering cholesterol to the HD
brain may be therapeutically significant. The therapeutic potential of such strategies has been recently
demonstrated by using different delivery systems (Valenza et al. 2015; Birolini et al. 2020). In the
first study, systemic injections of PLGA-g7-NPs loaded with cholesterol prevented synaptic and
cognitive defects in a transgenic mouse model of HD (Valenza et al. 2015). In the second study,
cholesterol was infused for 4 weeks in the striatum of HD mice through osmotic minipumps, a well-
characterized system for controlled drug delivery widely used in preclinical research. Although this
system is not yet transferable to the clinic, it allowed to identify the optimal dose of cholesterol to
reach the striatum for restoring synaptic and neuropathological features and motor and cognitive
abnormalities in HD mice more broadly than PLGA-g7-NPs-chol (Birolini et al. 2020). Moreover, a
recent study also supports the effectiveness of nose-to-brain delivery of cholesterol in the HD brain
(Passoni et al. 2020) opening new future investigations in HD mice. With a view to develop a

cholesterol-based therapy for HD patients in the future, new generations of NPs were produced with



improved pharmacological properties. These NPs, herein named as hybrid-g7-NPs-chol, were
prepared using a new formulation based on a specific combination of polymers (g7-PLGA, PLGA,
and cholesterol as starting materials for formulation; Belletti et al. 2018). In particular, hybrid-g7-
NPs-chol were formulated using nanoprecipitation (MIX-N) and single emulsion (MIX-SE). Pluronic
was used as a surfactant in MIX-N while PVA was used in MIX-SE. The maximal percentage of
cholesterol present in hybrid-g7-NPs-chol MIX-N and MIX-SE with respect to PLGA content was
32,7+ 2% and 41,5 + 1,5% respectively. Thus, cholesterol content is around 40 times higher than the
amount estimated in PLGA-g7-NPs-chol (Valenza et al. 2015). This upgrade should allow to deliver
to the HD brain a therapeutic dose of cholesterol similar to that previously identified with the osmotic
minipumps (Birolini et al. 2020), but with a low-invasive and more-translatable strategy. This study
aims to describe the distribution and the kinetic of hybrid-g7-NPs-chol in different brain regions, in
peripheral tissues, and in circulation, their benefits on the behavior, and eventually side effects

following chronic treatment in HD mice.

Previous studies indicated that about 10% of the injected g7-NPs are estimated to penetrate the brain
(Costantino et al. 2005; Tosi et al. 2007, Tosi et al. 2011a; Tosi et al. 2011b; Tosi et al. 2014a; Tosi
et al. 2014b). Both hybrid-g7-NPs-chol MIX-N and MIX-SE produced demonstrated to be in line
with previous studies in terms of size, homogeneity, surface charge, cholesterol content and
morphology (Table S1 and Figure S1) and were tested in 7-weeks old wild-type (wt) mice to verify
their uptake and distribution in vivo. Mice were treated with a single or multiple (3) intraperitoneal
(I.P.) injection of hybrid-g7-NPs-chol MIX-N or MIX-SE labelled with cyanine 5 (cy5). Animals
were sacrificed at different time points (4h, 24h, 1week, 2 weeks) following the last I.P. injection
(Fig. 1A) and fluorescence analysis were performed on brain and peripheral slices to analyze the
localization of the red signals (cy5) of both MIXs (Fig. 1B and 1C; Fig. S2). 4h after a single I.P.
injection, cy5 was detected in the striatum, cortex (Fig. 1B and 1C) and hippocampus, as well as in
lung and liver (Fig. 1B and 1C and Fig. S2A and B), indicating that BBB crossing is a fast process.
Quantification of cy5 dots revealed that the kinetic of both MIXs in peripheral tissues was quite fast,
since cy5 signal strongly decreased 24h after the I.P. injection (Fig. 1B and 1C; Fig. S2). Importantly,
NPs were accumulating in the brain over time since the cy5 signal was still present 24h, 1 weeks and
2 weeks after the I.P. injection (Fig. 1B and 1C; Fig. S2) and more nanoparticles were detected
following multiple injections (Fig. 1B and 1C; Fig. S2). Although the biodistribution was similar
between MIX-N and MIX-SE, the latter showed higher aggregation in peripheral tissues, and this was
more evident after multiple 1.P. injections (Fig. S2). High-magnification confocal images indicated

the presence of hybrid-g7-NPs-chol in different neuronal and glial cell types as demonstrated by the



co-localization between cy5 (NPs) and GFAP (marker of astrocytes), IBA1 (marker of microglia),
and DARPP32 (marker of striatal medium spiny neurons) (Fig. 1D).
Overall, these results demonstrate that hybrid-g7-NPs-chol rapidly reach the brain and accumulate

over time, while in peripheral tissues they do not accumulate and disappeared within 24 h — 1 week.

To track cholesterol delivery and intracellular release from hybrid-g7-NPs-chol, we performed
specific experiments using g7-NPs-chol labelled with cy5 and loaded with the fluorescent analogue
bodipy cholesterol (hybrid-cy5-g7-NPs-bodipy-chol). 7 weeks-old wt and HD (R6/2 model;
Mangiarini et al. 1996) mice were treated with a single I.P. injection of hybrid-cy5-g7-NPs-bodipy-
chol MIX-N or MIX-SE and sacrificed at different time points (24h and 2 weeks after the I.P.
injection) (Fig. 2A). Following confocal analysis in brain slices, we monitored and quantified the co-
localization of red spots (cy5, NPs) and the green signal (bodipy cholesterol) to evaluate NPs
degradation and bodipy cholesterol release. With both MIXs, 24h after a single I.P. injection of
hybrid-cy5-g7-NPs-bodipy-chol, cy5 and bodipy-chol signals nicely co-localized in striatum and
cortex, as indicated by the scatterplot of red and green pixel intensities (Fig. 2B and 2C). However,
analysis performed 2 weeks after the I.P. injection revealed a partial separation between cy5 and
bodipy-chol signals (Fig. 2B, C), indicating a slow and controlled release of cholesterol over time.
The kinetic of cholesterol release in the liver of mice treated with MIX-N was faster compared to the
brain. In fact, a complete overlap of red and green signal was found 24h after the I.P. injection while
1 week after the I.P. injection all the cholesterol was released from the nanoparticles (Fig. S3).
These findings indicate that around 10% of bodipy-chol is released from hybrid-g7-NPs-chol in the
brain starting from 2 weeks after [.P. injection, in parallel with a reduction in cy5 signal. No
differences in cholesterol release kinetic were found between wt and HD mice, indicating that
cholesterol release does not depend on mice genotype.

Moreover, we did not find substantial differences between MIX-N and MIX-SE as they showed
similar bio-distribution profile and kinetic of cholesterol release. However, as MIX-N showed lower
NPs aggregation in liver and was produced using Pluronic as a surfactant, that is approved by FDA
(Pitto-Barry & Barry 2014), aiming to a faster translatability of preclinical results in clinical practice,

we decided to test only this formulation for the subsequent studies.

To study the kinetic of exogenous cholesterol and to quantify the total amount of cholesterol delivered
in vivo, we performed two experiments using hybrid-g7-NPs-chol loaded with cholesterol labelled

with six deuterium (d6-chol) (hybrid-g7-NPs-d6-chol).



First, 7 weeks-old HD mice were treated with a single I.P. injection of hybrid-g7-NPs-d6-chol and
sacrificed at different time points (30°, 6h, 24h, 1 week and 2 weeks after the 1.P. injection) (Fig. 3A).
Blood, kidney, lung, liver, cortex, striatum, and cerebellum were collected to measure the amount of
d6-chol in different tissues using liquid chromatography mass spectrometry (LC-MS). Quantification
of d6-chol was performed in striatum, cortex, and cerebellum starting from 6h after the I.P. injection
(Fig 3B). Starting from 24h after the treatment, the content of d6-chol increased in the same tissues
over 2-week as indicative of its slow and controlled release from the NPs (Fig 3B). In the liver, d6-
chol was rapidly released 30’ after the I.P. injection and it was degraded over the time. In lung and
kidney, NPs were detected around 6h after the I.P. injection, the peak of cholesterol release occurred
1 week after the I.P. injection and then it was rapidly eliminated (Fig. 3B). When analyzing the
plasma, the maximum amount of cholesterol was detected 24h after the I.P. injection (Fig. 3B).
Importantly, this concentration is not significant compared to the physiological amount of cholesterol
that is present in the mouse blood (128 mg/100 mL). Secondly, to quantify cholesterol delivered with
the therapeutic regimen of interest, HD mice were treated from 5 to 9 weeks of age with 2 I.P.
injections/week and sacrificed 2 weeks after the last I.P. injection (Fig. 3D). MS analysis revealed
that the concentration of d6-chol measured in each tissue following 10 I.P. injections was around 10
times the concentration of d6-chol measured 2 weeks after a single 1.P. injection (Fig. 3D and E)
meaning that exogenous cholesterol accumulates in all tissues, although with different kinetics.

These results demonstrated that the kinetic of cholesterol release is different between brain, plasma
and peripheral tissues and that this delivery system allows a slow release and accumulation of
cholesterol in different brain regions that can be used by the cells over time. Moreover, the fast
elimination of cholesterol in blood and in peripheral tissues potentially avoids systemic side effects
after a chronic treatment. Finally, these data, combined with the data obtained with bodipy-chol (Fig
2B and C), support further the hypothesis that the release of cholesterol from NPs is quite slow.

We have recently demonstrated that a therapeutically relevant dose of cholesterol delivered to the
striatum through osmotic minipumps indirectly induced endogenous cholesterol synthesis and fully
recovered both motor and cognitive abnormalities in HD mice (Birolini ez al. 2020). On the contrary,
lower doses delivered to the striatum through osmotic minipumps (Birolini ez al. 2020), or to the brain
using PLGA-g7-NPs-chol (Valenza et al. 2015) led to a complete rescue of cognitive decline without
significant change in the endogenous brain cholesterol biosynthesis or in motor performance.

Since hybrid-g7-NPs-chol (Belletti et al. 2018), with their hybrid structure, have more cholesterol
than the amount found in PLGA-g7-NPs-chol previously used (Valenza et al. 2015), we sought to

test whether the increased amount of cholesterol in hybrid-g7-NPs-chol was sufficient to indirectly



stimulate endogenous cholesterol synthesis in the diseased brain. Cholesterol precursors (lanosterol,
lathosterol, desmosterol) were quantified by isotopic dilution mass spectrometry (ID-MS) in the
striatum of HD mice after a chronic treatment. Accordingly, HD mice were treated with PLGA-g7-
NPs-chol or with hybrid-g7-NPs-chol from 5 to 9 weeks of age with 2 I.P. injections/week and
sacrificed 2 weeks after the last I.P. injection (Fig. 4A). As expected, a robust deficit in levels of
lanosterol, lathosterol and desmosterol was found in the striatum of HD mice treated with saline
compared to wt littermates (Fig. 4B-D), confirming previous results (Valenza et al. 2007b; Valenza
et al. 2010; Birolini et al. 2020). Of note, a significant increase of lanosterol and desmosterol levels
was found in striatal tissues of HD mice treated with hybrid-g7-NPs-chol compared to those treated
with PLGA-g7-NPs-chol (Fig. 4B-D).

Taken together, these results suggest that the hybrid-g7-NPs-chol transport and release in the brain
more cholesterol compared to PLGA-g7-NPs and such dose, conversely to that released by PLGA-

g7-NPs, is able to indirectly enhance endogenous cholesterol biosynthesis in HD mice.

To assess the power of hybrid-g7-NPs-chol to counteract motor and cognitive defects in HD mice,
hybrid-g7-NPs-chol were I.P. injected in R62 mice with the same experimental paradigm described
in Fig. 4A and their motor and cognitive performance was compared to R6/2 and wt mice treated with
saline solution.

First, we analyzed motor coordination by evaluating the latency of mice to fall when tested on a
rotating bar with accelerating speed in the rotarod test. Starting from 8 weeks of age, HD mice
exhibited a progressive deterioration in motor coordination, as shown by the shorter latency to fall
compared to wt controls. Systemic and chronic administration of hybrid-g7-NPs-chol did not rescue
this defect in HD mice (Fig. 5A).

To test further motor abilities, we analyzed spontaneous locomotion activity in the activity cage test.
During disease progression, HD mice showed a severe hypokinetic phenotype as demonstrated by
reduced global activity, total distance travelled, and number of rearings compared to wt mice both at
9 and 11 weeks of age. At 9 weeks, HD mice treated with hybrid-g7-NPs-chol had a better
performance for global activity and total distance travelled compared to HD mice treated with saline,
even if they did not reach the same performance observed in wt mice. Moreover, these differences
were lost at 11 weeks of age, suggesting that the amount of cholesterol delivered in the brain is not
sufficient to counteract motor deficits at a late symptomatic time point, when the HD phenotype
worsen (Fig. 5B and C). When we looked at the number of rearings, no rescue was measured in HD
mice treated with hybrid-g7-NPs-chol (Fig. 5D). As a measure of anxiety-like behavior, the time that

mice spent exploring the periphery or center area of the arena during the activity cage test was also



evaluated (Fig. 5E). HD animals spent more time in the periphery compared to wt mice, indicating
anxiety related behavior. Cholesterol delivery did not rescue this parameter (Fig. 5F).

To study neuromuscular functions and strength we determined the force developed by the mice with
grip strength test. Muscular strength was reduced in HD mice from 9 weeks of age and it was
completely rescued by hybrid-g7-NPs-chol at both 9 and 11 weeks of age (Fig. 5G).

As marker of disease progression, we measured hindlimb clasping with the paw clasping test, a test
widely used to measure neurological features in several mouse models of neurodegeneration. HD
mice treated with hybrid-g7-NPs-chol ameliorated this phenotype (Fig. SH).

Furthermore, we found that 44% of the analyzed R6/2 animals treated with saline suffered from
epileptic seizures, while only 18% of R6/2 mice injected with hybrid-g7-NPs-chol were affected.
Finally, to evaluate cognitive function we performed the novel object recognition (NOR) test. As
expected, long-term memory declined during disease progression in HD mice, with a marked
impairment in the ability to discriminate novel and familiar objects at 11 weeks of age. HD mice
treated with hybrid-g7-NPs-chol performed similarly to wt mice, indicating that this treatment
completely prevents cognitive decline in these animals (Fig. 5I). Weight loss was observed in R6/2
mice starting from late time point (10 weeks of age). Remarkably, this parameter was rescued in male
R6/2 mice treated with hybrid-g7-NPs-chol (Fig. 5L and M).

Collectively, these results indicate that the dose of cholesterol delivered and released in the brain with
chronic treatment is sufficient to prevent cognitive decline over time and ameliorate some motor
defects at 9 weeks of age. However, the fast and aggressive phenotype of this HD mouse model does
not allow to evaluate the long-term effect of this treatment when all cholesterol is released from the

NPs, which may require several weeks.

To explore eventual side effects of chronic administration of hybrid-g7-NPs-chol, we then sought to
analyze the inflammation status of treated mice. Cytokines, chemokines, and growth factors are cell
signaling proteins, mediating a wide range of physiological responses, including immunity and
inflammation and are also associated with a spectrum of neurodegenerative diseases (Rocha et al.
2016; Nagatsu et al. 2000). Through the simultaneous detection of 23 analytes in a single well of a
96-well microplate, we analyzed the inflammation status in striatum, cortex, liver, and plasma from
HD mice treated with saline or with hybrid-g7-NPs-chol. In general, we did not observe gross changes
in the level of the analytes analyzed, except increased level of IL-2 in the striatum, decreased level of
Eotaxin in cortex and of IL-1a and IL2 in plasma of R6/2 mice treated with hybrid-g7-NPs-chol
compared to R6/2 mice treated with saline (Table 1). These findings suggest that the chronic treatment

with hybrid-g7-NPs-chol is safe in R6/2 mice. Moreover, clinical observation of the mice during



chronic administration regimens did not reveal any cases of mortality in the treated and control
groups. As well, there were no signs of abnormal behavioral reactions and general clinical symptoms.
Overall, these results suggest that chronic administration of hybrid-g7-NPs-chol does not lead to side

effects in HD mice.

Conclusion Remarks

Previous studies pointed out the benefits of strategies aimed at delivering cholesterol to the HD brain
(Valenza et al. 2015, Birolini et al. 2020) but the dose of cholesterol that reaches the brain is critical
to have a complete rescue of both motor and cognitive defects. With the aim of develop a new and
non-invasive strategy that is testable in patients, hybrid-g7-NPs-chol were produced with improved
chemical-physical properties and increased cholesterol loading due to their hybrid structure (Belletti
et al. 2018). Here, we characterized hybrid-g7-NPs-chol in vivo in a transgenic mouse model of HD.
We demonstrated that hybrid-g7-NPs-chol are up-taken and reach different cell types in the brain,
where they accumulate over the time and release cholesterol that becomes available for neuronal
functions. Importantly, NPs are rapidly degraded in the plasma and in peripheral tissues without a
detectable inflammation response. Once released, cholesterol exerts its functions in the brain, by
inducing endogenous cholesterol synthesis and rescuing behavioral deficits in R6/2 mice. These
systems can be optimized further in order to transport not only cholesterol but also other molecules
that can be useful for HD and other brain pathologies. Importantly, intranasal administration (Passoni
et al. 2020) of these systems can be also exploited to increase the efficacy of drug delivery to the
brain. Finally, we highlighted the utility of cholesterol as drug model to define delivery systems based

on nanoparticles.



Materials and methods (in Supplementary Material)

1. Production and characterization of hybrid-g7-NPs-chol

Starting from published results (Belletti et al, 2018; Valenza et al, 2015), we produced hybrid-g7-NPs-chol
using a nanoprecipitation method. In details, hybrid-g7-NPs-chol (MIX-N and MIX-SE) were formulated
starting from 50 mg of a mixture of cholesterol (Sigma-Aldrich, Milan, Italy), PLGA (PLGA R503H Evonik,
Essen, Germany) and PLGA-g7 in a weight ratio of 1:0.8:0.2 (25mg chol, 20mg PLGA, 5mg PLGA-g7).
PLGA-g7 was synthesized via amide formation in the Laboratory of Nanomedicine of the University of
Modena and Reggio Emilia, following a previously described protocol (Rigon et al., 2019; Tosi et al., 2007).
Pure g7 was purchased from Mimotopes (Clayton, Victoria, Australia).

To obtain MIX-N, cholesterol and PLGA mixture was dissolved in acetone (4 mL). The organic phase was
added dropwise into 50 mL of a 0.5% (w/v) Pluronic-F68 aqueous solution at 45 °C under magnetic stirring
(1300 rpm). After 20 minutes, the organic solvent was removed at 30 °C under reduced pressure (10 mm Hg).
Hybrid-g7-NPs-chol were recovered and purified three times by an ultracentrifugation process carried out at
14,500 rpm for 10 min (4 °C; Sorvall RC28S, Dupont, Brussels, Belgium) to remove the unformed material
and the free surfactant fraction in the solution. NPs were re-suspended in 3 mL of a 0.2% (w/v) Pluronic-F68
aqueous solution at room temperature and gently sonicated until completely resuspended.

As cryoprotectant, 150 mg of threalose (Sigma-Aldrich, Milan, Italy) dissolved in 0,5mL of 0.2% Pluronic-
F68 solution were added to the NPs suspension before flash freezing with dry ice and methanol bath. NPs were
stored at -20°C until use.

Hybrid-g7-NPs-d6-chol were obtained using the same protocol described above. For the formulation, 50 mg
of a mixture of D6 Chol:PLGA:PLGA-g7 in weight ratio of 1:0.8:0.2 (25mg D6 Chol, 20mg PLGA, 5mg
PLGA-g7) were used.

Hybrid-cy5-g7-NPs-bodipy-chol were produced with the same protocol described above, adding 2% in weight
of cy5 derived PLGA and 2% in weight of bodipy cholesterol (Avanti, Alabama, USA). Cy5-PLGA was
synthesized in the Laboratory of Nanomedicine of the University of Modena and Reggio Emilia using a
protocol published in Duskey et al. 2020. The total composition was a mixture of Chol:Chol-
Bodipy:PLGA:PLGA-Cy5:PLGA-g7 in weight ratio of 0.96:0.04:0.76:0.04:0.2 (24 mg Chol, 1 mg Chol-
Bodipy, 19 mg PLGA, 1 mg PLGA-Cy5, 5 mg PLGA-g7). After centrifugation, NPs were resuspended in an

aqueous solution of Pluronic-F68 2% and added of trehalose as previously reported before flash freezing.

Chemico-physical and morphological characterization

100ul of each type of NPs suspension was freeze-dried (—60 °C, 1 - 10—-3 mm/Hg for 48 h; LyoLab 3000, Heto-
Holten, Allerod, Denmark) and the yield (Yield%) was calculate as follows:

Yield (%)=[(mg of freeze dried MIX-N or MIX-SE)/(mgPLGA-+mg Chol)]x100

Mean particle size (Z-Average) and polydispersity index (PDI) of the samples were determined using a
Zetasizer Nano ZS (Malvern, UK; Laser 4 mW He—Ne, 633 nm, Laser attenuator Automatic, transmission

100-0.0003%, Detector Avalanche photodiode, Q.E.>50% at 633 nm). Samples were diluted in MilliQ water



at about 0.1 mg/mL. The results were also expressed as intensity distribution, i.e. the size 10% [D (10)], 50%
[D(50)] and 90% [D(90)], below which all the MIX NPs are placed. The zeta potential (C-pot 1) was measured
using the same equipment with a combination of laser Doppler velocimetry and phase analysis light scattering
(PALS). All data are expressed as means of at least three determinations carried out for each prepared lot (three
lots for each sample).

The morphology of the samples was evaluated by atomic force microscopy (AFM) (Park Instruments,
Sunnyvale, CA, USA) and scanning transmission electron microscopy (STEM) as reported in Belletti et al
2018, confirming the same results as reported in supplementary figure S1.

AFM analysis were conducted at about 20 °C operating in air and in non-contact mode using a commercial
silicon tip-cantilever (high resolution noncontact “GOLDEN” Silicon Cantilevers NSG-11, NT-MDT, tip
radius 10 nm; Zelenograd, Moscow, Russia) with stiffness of about 40 Nm-1 and a resonance frequency
around 160 kHz. A drop of each MIX-NPs suspension was diluted with distilled water (about 1:5 v/v) before
application on a small mica disk (1 cmx1 cm).

After 2 minutes, the excess of distilled water was removed using a paper filter and the sample analyzed. Two
kinds of images were obtained: the first is a topographical image and the second is indicated as “error signal”.
This error signal is obtained by comparing two signals: the first one representing the amplitude of the vibrations
of the cantilever, and the second the amplitude of a reference point. The images obtained by this method show
small superficial variations of the samples. Images were processed and analyzed using software from
Gwyddion (Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic).

The internal structure/architecture of the samples was analyzed by scanning transmission electron microscopy
(STEM). Briefly, a drop of a water-diluted suspension of the samples (about 0.03 mg/mL) was placed on a
200-mesh copper grid (TABB Laboratories Equipment, Berks, UK), allowed to adsorb, and the suspension
surplus was removed by filter paper. All grids were analyzed using a Nova NanoSEM 450 (FEI, Oregon, USA)

transmission electron microscope operating at 30 kV using a STEM II detector in Field free mode.

Quantification of cholesterol content

To quantify the amount of cholesterol hybrid-g7-NPs-chol, NPs previously lyophilized to calculate the yield
(~1 mg) were dissolved in 0.3 mL of chloroform, followed by addition of 0.6 mL of isopropyl alcohol to
precipitate the polymer. The mixture was vortexed (15 Hz for 1 min; ZX3, VelpScientifica, Usmate, Italy) and
then filtered (polytetrafluoroethylene filter, porosity 0.20 um, Sartorius). The amount of Chol in the sample
was quantified by RP-HPLC using an HPLC apparatus comprised a Model PU980 pump provided with an
injection valve with a 50 pLL sample loop (Model 7725i Jasco) and an UV detector at 210 nm (UV975, Jasco).
Chromatography separation was carried out on a Syncronics C18 (250x4.6 mm; porosity 5 um; Thermo Fisher
Scientific, Waltham, MA, USA) at r.t. and with a flow rate of 1.2 mL/min, operating in an isocratic mode using
50:50 v/v acetonitrile:ethanol as mobile phase. The solvents of the mobile phase were filtered through 0.45

wm hydrophilic polypropylene membrane filters (Sartorius) before their use. Chromatographic peak areas of



the standard solutions were collected and used for the generation of calibration curves. Linearity was assumed
in the range of 50-500 pg/mL (12=0.99). All data are expressed as the mean of at least three determinations.
The chemico-physical properties, concentration and cholesterol amount in g7-NPs used in this work are

described in Table S1 along with morphological analysis with AFM and STEM (Figure S1).

2. Colony management

All animal experiments were approved and carried out in accordance with Italian Governing Law (D.lgs
26/2014; Authorization n.581/2019-PR issued July 29, 2019 by Ministry of Health); the NIH Guide for the
Care and Use of Laboratory Animals (2011 edition) and EU directives and guidelines (EEC Council Directive
2010/63/UE).

Our R6/2 colony lifespan was approximately of 12-13 weeks and only males were used to maintain it
(Mangiarini et al. 1996). Transgenic 6-weeks old R6/2 males were mated with wild type females (B6CBAF1/J,
purchased from Charles River). CAG repeat length that could affect strain productivity, general behavior, litter
size, pup survival, genotype frequency, phenotype was monitored every 6 months with a range between 150-
180 CAGs.

Mice were weaned and then genotyped at 3 weeks of age (+/- 3 days) and they were housed under standard
conditions in enriched cage (22 + 1°C, 60% relative humidity, 12 hours light/dark schedule, 3—4 mice/cage,

with food and water ad libitum).

3. Mice treatments

For biodistribution studies, cholesterol release study and quantitative analysis, 7-weeks-old wt or R6/2 mice
were treated with 1,2 or 3 I.P. injections. For chronic experiments, R6/2 mice were treated with 2 I.P. injections
at week, from 5 to 9 weeks of age. Wt and R6/2 littermates treated with saline solution was used as controls.

In all the experiments, mice received 660 ug of cholesterol in each injection.

4. Immunohistochemistry and image acquisition

Animals were deeply anesthetized with Avertin 2.5% and transcardially perfused with PFA 4%. Brains, lungs
and liver were collected in PFA 4% for 2h and then in 30% sucrose to prevent ice crystal damage during
freezing in OCT. 15 pm-thick brain coronal sections or lung and liver sections were counterstained with the
nuclear dye Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using Vectashield
(Vector Laboratories). To study the co-localization of g7-NPs-chol_2.0 with neuronal and glial markers,
15 pwm-thick brain coronal sections were incubated with the following primary antibodies for 3h at RT: rabbit
anti-DARPP32 (1:100, Cell Signalling, 2306); mouse anti-NeuN (1:100, Millipore, MAB377); rabbit anti-
GFAP (1:250, Dako, Z0334); rabbit anti-IBA1 (1:100, Wako, 019-1971). Anti-rabbit Alexa Fluor 488-
conjugated goat secondary antibodies (1:500; Invitrogen) or anti-mouse Alexa Fluor 488-conjugated goat

secondary antibodies (1:500; Invitrogen) were used for detection (1h at RT). Sections were counterstained



with the nuclear dye Hoechst 33258 (1:10.000, Invitrogen) and then mounted under cover slips using
Vectashield (Vector Laboratories).

Images were acquired the following day with a confocal microscope (Leica SP5). Laser intensity and detector
gain were maintained constant for all images and 3-z steps images were acquired at 40x. To quantify hybrid
g7-NPs-chol in different tissues, Image] software was used to measure the fluorescence of cy5 (n=4
images/mouse/tissue).

To quantify the released bodipy cholesterol from g7-NPs-chol_2.0, Volocity software was used using the plug-

in “find objects” and “calculate object correlation” (n=6 images/mouse/tissue).

5. liquid chromatography-mass spectrometry (LC-MS) analysis for d6-chol

A recently validated method was used (Passoni et al., 2020). Briefly, 50 puL of plasma was diluted with 200
uL of ethanol containing 200 ng of beta-sitosterol, used as internal standard. Samples were vortexed and
centrifuged at 13 200 rpm for 15 min and aliquots of the supernatants were injected directly into the LC-MS
system. Forty milligrams of each brain area and peripheral tissue were homogenized in 1 mL of ethanol/water
4:1 (v/v), containing 500 ng of internal standard. Homogenates were centrifuged for 15 min at 13 200 rpm at
4 °C, and aliquots of the supernatants were injected into the LC-MS system. D6-chol levels were determined
using a 1200 Series HPLC system (Agilent Technologies, Santa Clara, CA, U.S.A.) interfaced to an API 5500
triple quadrupole mass spectrometer (Sciex, Thornhill, Ontario, Canada). The mass spectrometer was equipped
with an atmospheric pressure chemical ionization (APCI) source operating in positive ion and multiple reaction
monitoring (MRM) mode to measure the product ions obtained in a collision cell from the protonated [M —
H20 ]+ ions of the analytes. The transitions identified during the optimization of the method were m/z 375.3—
152.1 (quantification transition) and m/z 375.3—-167.1 (qualification transition) for D6-chol; m/z 397.3-147.1
(quantification transition) and m/z 397.3-161.1 (qualification transition) for B-sitosterol (IS). D6-chol and
beta-sitosterol were separated on a Gemini C18 column (50 x 2 mm; 5 um particle size), using an isocratic

gradient in 100 % methanol at 35 °C.

6. Gas chromatography-mass spectrometry (GC-MS) analysis for neutral sterols and 24S-OHC

Experiments were performed as described in Birolini et al. 2020.

7. Behavioral tests

Mice behavior was evaluated at 9 and 11 weeks of age.

Rotarod test: mice were tested over three consecutive days. Firstly, animals were trained on a rotating bar at 4
rpm for 5 minutes (apparatus model 47600, Ugo Basile). One hour later, mice were tested for three consecutive
accelerating trials of 5 minutes with the rotarod speed linearly increasing from 4 to 40 rpm. The latency to fall
from the rod was recorded for each trial and averaged.

Activity Cage test: animals were placed in an arena (25 cm x 25 cm) (2Biological Instrument) and allowed to

freely move for an hour in presence of a low-intensity white light source. Movements were assessed by an



automated tracking system (Actitrack software, 2Biological Instrument) connected to infrared sensors
surrounding the arena. Total distance travelled, mean velocity speed, and numbers of rearings were analyzed.
The % of time that mice explored the periphery or the center area of the was evaluated as a measure of anxiety-
like behavior.

Novel Object Recognition (NOR) test: in the habituation stage, mice were placed into an empty non-reflective
arena (44 x 44 x 44 cm) for 10 minutes. In the familiarization stage, two identical objects (A’ and A"") were
presented to each animal for 10 minutes. The day after, during the test stage, animals were exposed to one
familiar object (A"") and a new object (B) for 10 minutes. All phases of the test were conducted with a low-
intensity white light source. The index of discrimination was calculated as (time exploring the novel
object—time exploring the familiar object)/(time exploring both objects) x 100. Mice exploring less than 7 sec.
were excluded from the analysis due to their inability to perform the task.

Paw clasping test: animals were suspended by the tail for 30 seconds and the clasping phenotype was graded
according to the following scale: level 0, no clasping; level 1, clasping of the forelimbs only or both fore- and
hindlimbs once or twice; and level 2, clasping of both fore- and hindlimbs more than three times or more than
5.

Grip strength test: animals were lifted by the tail, lowered towards the grip (Ugo Basile) and gently pulled
straight back with consistent force until they released its grip. The forelimb grip force, measured in grams, was

recorded. The test was repeated for 5 times, and measures were averaged.

8. Bio-Plex

Animals were deeply anesthetized with Avertin 2.5% to collect blood which was centrifuged at 13.000 rpm at
4°C for 15 minutes to obtain the plasma. Striatum, cortex, and liver were isolated and frozen. 10 mg of striatum,
cortex and liver were homogenize using a tissue grinder in 1 mL of lysing solution according to manufacturer
instructions (Bio-Plex® Cell Lysis Kit, Biorad, #171304011). The lysate was frozen at -80°C, sonicated at
40% for 20 seconds and centrifuged at 4.500 rcf at 4°C for 4 minutes to collect the supernatant. The supernatant
was quantified using DC™ Protein Assay Kit I (Biorad, #5000111) and samples were diluted to a final
concentration of 500 ug/mL. To perform the Bio-Plex assay, 150 uL of assay buffer were added to 150 uL of
samples.

Concerning the plasma, samples were centrifuged at 1.500 rcf at 4°C for 5 minutes. 60 uL of assay buffer and
120 uL of sample diluent were added to 60 uL of plasma.

Cytokine levels were measured by using a Bio-Plex murine cytokine 23-Plex assay kit (Biorad,
#M60009RDPD) according to manufacturer instructions using the Luminex 200 System, Multiplex Bio-Assay

Analyzer.

9. Statistics
Prism 8 (GraphPad software) was used to perform statistical analyses. G-power software was used to pre-

determine group allocation, data collection and all related analyses. For animal studies, mice were assigned



randomly, and sex was balanced in the various experimental groups; animals from the same litter were divided
in different experimental groups; blinding of the investigator was applied to in vivo procedures and all data
collection. Grubbs’ test was applied to identify outliers. For each set of data to be compared, we determined
whether data were normally distributed or not to select parametric or not parametric statistical tests. The
specific statistical test used is indicated in the legend of all results figures. Table S2 summarizes all the trials

and read-outs performed.
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Figure Legends

Figure 1. In vivo distribution of hybrid-cy5-g7-NPs-chol

A. Experimental paradigm used in the study. Wild type mice (n=2 mice/MIX/time point) were treated with a
single or multiple I.P. injection of hybrid-cy5-g7-NPs-chol (MIX-N or MIX-SE) and sacrificed at different
time point. Brain, liver and lung were collected for distribution analysis.

B-C. Representative confocal images of cortex and striatum slices from wt mice that received 1 or 3 L.P.
injection hybrid-cy5-g7-NPs-chol (MIX-N in B or MIX-SE in C) and sacrificed after 4h, 24h, 1w, and 2w with
relative quantification.

D. Representative confocal images of immunostaining against DARPP32, GFAP, ans IBA1 (green) on coronal
sections of brains isolated from wt mice I.P. injected with hybrid-cy5-g7-NPs-chol labelled with cy5 (red) and
sacrificed 2 weeks after the injection. White arrowheads indicate intracellular g7-NPs. Hoechst were used to
counterstain nuclei (Ho, blue).

Data are expressed as the number of g7-NPs for 1 field of view + standard error of the mean.

Figure 2. Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis

A. Experimental paradigm used in the study. Wild type and R6/2 mice (n=3 mice/genotype/MIX/time point)
were treated with a single I.P. injection of hybrid-cy5-g7-NPs-bodipy-chol (MIX-N or MIX-SE) and sacrificed
at different time point. Brain and liver were collected for the analysis.

B-C. Representative confocal image of brain slices from R6/2 mice I.P. injected with hybrid-cy5-g7-NPs-
bodipy-chol (MIX-N in B or MIX-SE in C) and sacrificed after 24 h or 2 weeks and relative co-localization of
bodipy-chol and g7-NPs.

Figure 3. Cholesterol release from hybrid-g7-NPs-d6-chol: quantitative analysis

A. Experimental paradigm used in the study. R6/2 mice were treated with a single I.P. injection of hybrid-g7-
NPs-d6-chol (MIX-N) and sacrificed at different time point. Striatum, cortex, cerebellum, liver, lung, kidney,
and plasma and liver were collected for mass spectrometry analysis (n=3 mice/time point).

B-C. Levels of d6-chol in striatum, cortex, cerebellum (B), liver, lung, kidney, and plasma (C) measured by
LC-MS.

D. Experimental paradigm used in the study. R6/2 mice were treated with hybrid-g7-NPs-d6-chol (MIX-N)
from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week and sacrificed 2 weeks after the last I.P.
injection. Striatum, cortex, cerebellum, liver, lung, kidney, and plasma and liver were collected for mass
spectrometry analysis (n=3 mice).

E-F. Levels of d6-chol in striatum, cortex, cerebellum (E), liver, lung, kidney, and plasma (F) measured by
LC-MS (red dots). Black dots refer to the measurement represented in figure 3B-C.

Data are expressed as means + standard error of the mean.



Figure 4. Endogenous cholesterol synthesis and catabolism in the striatum of HD mice following
systemic and chronic administration of hybrid-g7-NPs-d6-chol

A. Experimental paradigm used in the study. R6/2 mice were treated with PLGA-g7-NPs-chol and hybrid-g7-
NPs-chol from 5 weeks of age to 9 weeks of age with 2 I.P. injection/week. Wt and R6/2 littermates were
treated with saline solution as controls. Striatum and cortex were collected at 11 weeks of age for mass
spectrometry analysis (n=3-4 mice/group).

B-D. Lanosterol (B), lathosterol (C), and desmosterol (D) level measured by GC-MS in the striatum of wt
saline, R6/2 saline, R6/2 + PLGA-g7-NPs-chol, and R6/2 + hybrid-g7-NPs-chol mice at 11 weeks of age (n=3-
4 mice/group).

Data are expressed as means =+ standard error of the mean. Each dot corresponds to the value obtained from
each animal.

Statistics: one-way ANOVA with Newman—Keuls post-hoc test (¥*p<0.05; **p<0.01; ***p<0.001).

Figure 5. Cognitive and motor abilities of R6/2 mice following systemic and chronic administration of
hybrid-g7-NPs-d6-chol

A. Latency to fall (seconds) from an accelerating rotarod at 8 and 10 weeks of age in wt saline (n=24-25),R6/2
saline (n=15-17), and R6/2 + hybrid-g7-NPs-chol (n=17).

B-F. Global motor activity (B), total distance traveled (C), and number of rearings (D) in an open-field test at
9 and 11 weeks of age in wt saline (n=24-25), R6/2 saline (n=15-17), and R6/2 + hybrid-g7-NPs-chol (n=17).
Representative track plots (E) generated from the open-field test from wt saline (n=24-25), R6/2 saline (n=15-
17), and R6/2 + hybrid-g7-NPs-chol (n=17) and relative quantification (F) of the time spent in the center and
in the periphery (%) of the arena at 11 weeks of age.

G. Grip strength (grams) at 9 and 11 weeks of age in wt saline (n=16-24), R6/2 saline (n=11-22), and R6/2 +
hybrid-g7-NPs-chol (n=17).

H. Paw clasping at 9 and 11 weeks of age in wt saline (n=25), R6/2 saline (n=22), and R6/2 + hybrid-g7-NPs-
chol (n=17).

I. Discrimination index (DI %) in the novel object recognition test of wt saline (n=22-23), R6/2 saline (n=13-
19), and R6/2 + hybrid-g7-NPs-chol (n=10-13) at 9 and 11 weeks of age. DI above zero indicates a preference
for the novel object; DI below zero indicates a preference for the familiar object.

L-I. Body weight (grams) of male (L) and female (M) mice at different time point.

Data are from three independent trials and shown as scatterplot graphs with means+standard error. Each dot
corresponds to the value obtained from each animal.

Statistics: one-way ANOVA with Newman—Keuls post-hoc test (*p<0.05; **p<0.01; ****p<0.0001;
**%p<0.001) or unpaired Student t-test (#p<0.05; ##p<0.01).

Table 1. Inflammatory response of R6/2 mice following systemic and chronic administration of hybrid-

g7-NPs-d6-chol



Analysis of cytokines and chemokines by Bio-Plex array on the striatum, cortex, liver, and plasma of R6/2
saline vs R6/2 + hybrid-g7-NPs-chol mice (n=4-5 mice/group).
Data are normalized on R6/2 saline mice and are expressed as means + standard error of the mean.

Statistics: unpaired Student t-test (¥*p<0.05).

Figure S1. Morphological characterization of hybrid-cy5-g7-NPs-chol
Morphological analysis with AFM and STEM.

Figure S2. In vivo distribution of hybrid-cy5-g7-NPs-chol in other brain and peripheral tissues

A-B. Representative confocal images of hippocampus, lung, and liver slices from wt mice that received 1 or 3
I.P. injection hybrid-cy5-g7-NPs-chol (MIX-N in A or MIX-SE in B) and sacrificed after 4h, 24h, 1w, and 2w
with relative quantification. Hoechst were used to counterstain nuclei (Ho, blue).

Data are expressed as the number of g7-NPs for 1 field of view + standard error of the mean.

Figure S3. Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis

Representative confocal image of liver brain slices from R6/2 mice I.P. injected with hybrid-cy5-g7-NPs-
bodipy-chol (MIX-N) and sacrificed after 24 h, 1 week or 2 weeks and relative co-localization of bodipy-chol
and g7-NPs.

Table S1. Chemico-physical properties of NPs involved in the study
Amount of nanoparticles in each lot is expressed as concentration (mg/mL); dimensions of samples is
expressed with Z-Average values (nm); homogeneity of the samples is expressed as Polydispersity Index

(PDI); surface charge is expressed as T potential (mV); amount of cholesterol is expressed in mg.

Table S2. Summary of all the trial performed

Summary of all the trial performed and the animals used for this study.



FIGURE 1: In vivo distribution of hybrid-cy5-g7-NPs-chol

A
hybrid-cy5-g7-NPs-chol

Tissue collection

_ MIX-SE 1 |‘-P- . Cy5 confocal imaging (n=3)
@ rca : Y T T ™% Cy5 quantification (n=3)
3 5, Time: 0 4h 24h 1w 2ws  Cy5 and glial and neuronal staining (n=3)
%2 Chol wt
¥ Peptide g7 1 l.P. 2 I‘.PA 3 I‘.P. Tissue collection
- 2 Cy5 confocal imaging (n=3)
7 Cy5 @ Time: O 48h  72h 2w Cy5 quantification (n=3)
wt Cy5 and glial or neuronal markers (n=3)

1000

800 =

600

NPs/FOV

400

Cortex

200

T T T T T
4h 24h 1w 2w 3I.P.
800+

L
600-{

400

Striatum
NPs/FOV

gl

T
4h 24h 1w 2w 3I.P.

1000+

800 —

600

A1

Cortex
NPs/FOV

T T
4h 24h 1w 2w 3IP.

600 =

400+

Striatum
NPs/FOV

gl

T T T
4h 24h 1w 2w 31LP.

DARPP32

-
1
L

MIX-SE




FIGURE 2: Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis
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FIGURE 3: Cholesterol release from hybrid-cy5-g7-NPs-d6-chol: quantitative analysis

A

hybrid-cy5-g7-NPs-d6-chol

@ rLca

MIX-N

£ dé-chol
AP Peptide g7
B Striatum
2.59
2.0
j2)
£
g 1.5+
©
.5 1.0+
8
0.54
0.0 T T T T T
30" 6h 24h 1w 2w
Liver
60
=)
E 40
(o))
£
©
S
& 20+
©
0— T T T T
30' 6h 24h 1w 2w

Fold increase

11.P

Tissue collection

P.
@ Time: 0 30’ 6h 24h

T T
1w 2ws
HD
Cortex Cerebellum
2.0 2.5+
_ 2.0
=) . jo))
5 1.5 5
) 2 1.5
= 1.0 =
© <} g
5 .C? 1.0
© ©
© 0.59 ° 0.5
0.0 0.0-
30‘ 6h 24h 1w 2w 30' 6h 24h 1w 2w
Lung Kidney
15+ 154
° S
£ 10+ £ 104
2 >
£ £
S 5
9 5
S 5 3 5
© °©
o
v T T T T T
30' 6h 24h 1w 2w

0' 6h 24h 1w 2w

Tissue collection

d6-chol (ng/mL)

1500

1000

500

% D6-chol quantification in brain and peripheral
tissues by MS (n=4-6/group)

Plasma

T
30

1-2 1.P. 3-4 I.P. 5-6 I.P. 7-8 I.P. 9-10 I.P. R
s o - o — v D6-chol quantification in striatum, cortex,
Time: 0 1ws 2ws 3ws 4AWS ——— BWS cerebellum, liver, lung, kidney and plasma by MS
2ws after (n=4—6/group)
last I.P.
2 weeks after the last IP 2 weeks after the last IP
2.59 F 600+
500 °
400
2.0 (] 3004
8 200
. © 100
" . . ! .
s
1.0 3 6 °
[T 5
4 °
0.5 3
2 L]
L] ) L] iy 'Y [ ] L]
0.0 T T T T T T 0 1 T T T T T T T
11IP 10IP1IP 10IP 1IP 10IP 1P 10IP 1IP 10IP 1IP 10IP 1IP 10IP
Cerebellum Liver Lung Kidney Plasma

Striatum

Cortex

T T T T
6h 24h 1w 2w



FIGURE 4: endogenous cholesterol catabolism and synthesis following cholesterol supplementation
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FIGURE 5: Cognitive and motor abilites of R6/2 mice following cholesterol supplementation
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Table 1: Inflammatory response of R6/2 mice following cholesterol supplementation

| Striatum Cortex Liver Plasma
Analyte Rer2 + hybrid-g7-NPs-chol (vs R6/2 salineR6/2 + hybrid-g7-NPs-chol (vs R6/2 salineR6/2 + hybrid-g7-NPs-chol (vs R6/2 salinegR6/2 + hybrid-g7-NPs-chol (vs R6/2 saline]
Mean + SEM p-value Mean * SEM p-value Mean * SEM p-value Mean + SEM p-value
IL-1a 1,010 + 0,025 0,9348 0,927 + 0,033 0,3884 0,976 + 0,111 0,8622 0,212 + 0,032 0,0078 **
IL-1b 1,055 + 0,200 0,8435 0,747 + 0,134 0,3254 1,088 + 0,184 0,7466 0,920 + 0,381 0,8608
IL-2 1,415 % 0,076 0,0081 ** 0,708 + 0,013 0,1058 1,159 £ 0,179 0,4831 0,398 * 0,081 0,0467 *
IL-3 1,012 £ 0,298 0,9739 0,771+ 0,097 0,2840 1,031 £ 0,038 0,7151 N/D
IL-4 0,632+ 0,110 0,5871 1,472 £ 0,499 0,4103 0,744 £ 0,182 0,4333 0,429 + 0,184 0,3575
IL-5 1,264 + 0,165 0,5834 1,276 + 0,561 0,6831 0,924 + 0,158 0,7211 0,330 + 0,085 0,1610
IL-6 1,061+ 0,132 0,7723 1,019+ 0,102 0,9132 0,889 + 0,133 0,5446 N/D
IL-9 0,789 + 0,143 0,4046 0,836 + 0,145 0,5136 0,900 + 0,112 0,6095 N/D
IL-10 1,020 + 0,291 0,9593 0,677 +0,123 0,1301 1,109 + 0,354 0,8100 1,175 + 0,002 0,1610
IL-12 (p40) 1,666 + 0,435 0,2450 0,667 + 0,176 0,3861 1,843 +0,113 0,1025 0,921+ 0,236 0,8124
IL-12 (p70) 0,944 + 0,242 0,8601 0,798 + 0,138 0,3859 0,803 + 0,116 0,4620 N/D
IL-13 0,950 + 0,072 0,5667 0,835 + 0,069 0,2902 0,977 £ 0,097 0,8460 1,099 £ 0,152 0,5886
IL-17 1,345 + 0,414 0,5198 0,892 + 0,125 0,2902 1,194 + 0,104 0,3108 1,345+ 0,414 0,5198
Eotaxin 1,695 + 0,359 0,1447 0,447 + 0,078 0,0228 * 0,958 + 0,215 0,8927 0,809 + 0,195 0,5637
G-CSF 0,943 + 0,203 0,8490 0,914 + 0,153 0,6571 1,001 £ 0,120 0,9970 0,987 + 0,148 0,9529
GM-CSF 1,025 + 0,222 0,9314 1,060 + 0,220 0,8302 1,090 + 0,080 0,4218 0,724 + 0,188 0,2956
ING-gamma 1,413 +£0,272 0,2607 0,899 + 0,102 0,5404 1,155+ 0,184 0,4968 0,749 + 0,322 0,7225
KC 1,337 £ 0,302 0,3446 1,340 £ 0,169 0,1438 0,988 + 0,313 0,9742 0,489 + 0,086 0,1494
MCP-1 0,947 + 0,375 0,9216 0,907 + 0,196 0,8058 1,657 + 0,414 0,2082 1,365 + 0,689 0,7636
MIP-1a 1,133 + 0,326 0,7593 0,816+ 0,138 0,4708 1,065 + 0,126 0,6874 0,525 + 0,222 0,5987
MIP-1b 1,511+ 0,186 0,1488 0,731+ 0,137 0,3533 0,920 + 0,192 0,7806 0,614 + 0,452 0,4762
Ranteg 1,010 + 0,075 0,9520 1,020 + 0,134 0,9271 0,882 + 0,087 0,5915 0,998 + 0,231 0,9954
TNF-a 1,173 + 0,276 0,6227 0,854 + 0,249 0,6447 1,100 + 0,352 0,8135 0,851 + 0,371 0,8106

data expressed as fold-change (HD + hybrid-g7-NPs-chol vs HD saline)



FIGURE S1: size, homogeneity, surface charge, cholesterol content and morphology of the hybrid-g7-NPs-chol
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FIGURE S2: In vivo distribution of hybrid-cy5-g7-NPs-chol
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FIGURE S3: Cholesterol release from hybrid-cy5-g7-NPs-bodipy-chol: qualitative analysis
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Table S1

E i ¢ NP Concentration Z-av PDI Z-pot Amount of chol
xperimen s
(mg/mL) (nm) (mv) (mg)
hybrid-cy5-g7-NPs-chol MIX-N 59 287 0,23 -22 N/D
hybrid-cy5-g7-NPs-chol MIX-N 7 24 1 -2 N/D
Bio-distribution ybrid-cy5-g7-NPs-cho 5 0 018 0 /
hybrid-cy5-g7-NPs-chol MIX-SE 7,8 234 0,18 -21 N/D
hybrid-cy5-g7-NPs-chol MIX-SE 7 250 0,13 21 N/D
hybrid-cy5-g7-NPs-bodipy-chol MIX-N 8,5 246 0,21 -18 N/D
Chol release: qualitative analysis i1 r! Y8 >0 !py o /
hybrid-cy5-g7-NPs-bodipy-chol MIX-SE 8,8 270 0,16 -19 N/D
hybrid-g7-NPs-d6-chol 8,9 230 0,21 -14 33
L . hybrid-g7-NPs-d6-chol 8,5 225 0,195 -22 29
Chol release: quantitative analysis -
hybrid-g7-NPs-d6-chol 73 203 0,253 -21 22
hybrid-g7-NPs-d6-chol 9 225 0,234 -22 22
PLGA-g7-NPs-chol 9 180 0,05 -22 0,9
hybrid-g7-NPs-chol 8,5 255 0,28 -23 35
hybrid-g7-NPs-chol 8,5 244 0,26 -24 36
Behavioral analysis hybrid-g7-NPs-chol 9,4 240 0,27 -24 35
hybrid-g7-NPs-chol 9,8 256 0,28 -24 42
hybrid-g7-NPs-chol 7,7 243 0,26 -29 38
hybrid-g7-NPs-chol 8 255 0,31 -19 34,9
Table S2
Cholrelease: | Cholrelease: Mass . .
e . - . Behavioral Bioplex
i 3 Bio-distribution quantitative | quantitative | spectrometry . .
Trial number and date Experimental groups . . ) analysis analysis
analysis analysis analysis
N mice N mice N mice N mice N mice N mice
1- September 2017 wt + hybr!d—cyS—g7—NPs—choI MIX-N 10
wt + hybrid-cy5-g7-NPs-chol MIX-SE 10
5 - November 2017 wt + hybrfd—cyS—g7—NPs—choI MIX-N 10
wt + hybrid-cy5-g7-NPs-chol MIX-SE 10
wt + hybrid-cy5-g7-NPs-bodipy-chol MIX-N 9
3 - February 2018 wt + hybrld—.cy5—g7—NPs—bodle—choI MIX-SE 9
R6/2 + hybrid-cy5-g7-NPs-bodipy-chol MIX-N 9
R6/2 + hybrid-cy5-g7-NPs-bodipy-chol MIX-SE 9
4 - May 2018 R6/2 + hybrid-g7-NPs-d6-chol MIX-N 21
wt saline 3 10
5-January 2019 R6/2 saline 3 8
R6/2 + hybrid-g7-NPs-chol 3 10
wt saline 5
6 - November 2019 R6/2 saline 4 4
R6/2 + PLGA-g7-NPs-chol 10
R6/2 + hybrid-g7-NPs-chol 7 5




