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ARTICLE INFO ABSTRACT

Keywords: Evidence that Huntington’s disease (HD) is characterized by impaired cholesterol biosynthesis in the brain has
ChOI?SteTOI ) led to strategies to increase its level in the brain of the rapidly progressing R6/2 mouse model, with a positive
Huntington’s disease therapeutic outcome. Here we tested the long-term efficacy of chronic administration of cholesterol to the brain

Brain delivery
Nanoparticles
Cognitive decline

of the slowly progressing zQ175DN knock-in HD mice in preventing (“early treatment”) or reversing (“late
treatment”) HD symptoms. To do this we used the most advanced formulation of cholesterol loaded brain-
permeable nanoparticles (NPs), termed hybrid-g7-NPs-chol, which were injected intraperitoneally. We show
that one cycle of treatment with hybrid-g7-NPs-chol, administered in the presymptomatic (“early treatment”) or
symptomatic (“late treatment™) stages is sufficient to normalize cognitive defects up to 5 months, as well as to
improve other behavioral and neuropathological parameters. A multiple cycle treatment combining both early
and late treatments (“2 cycle treatment”) lasting 6 months generates therapeutic effects for more than 11 months,
without severe adverse reactions. Sustained cholesterol delivery to the brain of zQ175DN mice also reduces
mutant Huntingtin aggregates in both the striatum and cortex and completely normalizes synaptic communi-
cation in the striatal medium spiny neurons compared to saline-treated HD mice. Furthermore, through a meta-
analysis of published and current data, we demonstrated the power of hybrid-g7-NPs-chol and other strategies
able to increase brain cholesterol biosynthesis, to reverse cognitive decline and counteract the formation of

Abbreviations: 24S-OHC, 24S-hydroxycholesterol; AC, activity cage test; APCI, atmospheric pressure chemical ionization; BBB, blood-brain barrier; BHT, butylated
hydroxytoluene; Cm, membrane capacitance; Cyp46al, cholesterol 24-hydroxylase; CS, conditioned stimulus; FC, fear conditioning test; GC-MS, gas chromatography
- mass spectrometry; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte/macrophage colony-stimulating factor; GS, grip strength test; HD, Hun-
tington’s disease; HTT, Huntingtin; ID-GC-MS, isotope dilution-gas chromatography-mass spectrometry; IP, intraperitoneal injection; LC-MS, Liquid chromatography-
mass spectrometry; mEPSCs, miniature excitatory post- synaptic currents; MIP-1a and MIP-1b, macrophage inflammatory protein; MSNs, medium- sized spiny
neurons; MRM, multiple reaction monitoring; NOR, novel object recognition test; NPs, nanoparticles; PC, paw clasping test; PCA, principal component analysis; PDI,
polydispersity index; PLGA, poly-lactic-co-glycolic acid; Rin, input resistance; RR, Rotarod test; SEM, standard error of the mean; sEPSCs, spontaneous excitatory
post-synaptic currents; SREBP2, Sterol regulatory element-binding protein 2; TTX, Tetrodotoxin; wt, wild-type; UC, unconditioned stimulus; YM, Y-maze test.
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mutant Huntingtin aggregates. These results demonstrate that cholesterol delivery via brain-permeable NPs is a
therapeutic option to sustainably reverse HD-related behavioral decline and neuropathological signs over time,
highlighting the therapeutic potential of cholesterol-based strategies in HD patients.

Data availability: This study does not include data deposited in public repositories. Data are available on request

to the corresponding authors.

1. Introduction

A growing number of studies highlight the importance of cholesterol
homeostasis for brain function. Disruption of its synthesis and/or
catabolism is associated with several neurological disorders [1]. Among
them is Huntington’s disease (HD), an autosomal dominant neurode-
generative disease whose symptoms typically occur in midlife and
caused by the expansion of a polyglutamine-encoding cytosine adenine
guanine (CAG) tract in exon 1 of the huntingtin (HTT) gene [2]. Due to
this mutation, the striatal medium spiny neurons (MSNs) and cortical
neurons projecting to the striatum progressively degenerate, causing
motor defects, cognitive decline, and psychiatric disturbance [3,4].

Among the underlying pathogenetic mechanisms, evidence accu-
mulated over the past two decades has implicated impaired cholesterol
biosynthesis in the brain of HD rodent models, with early and massive
involvement of the striatum [5-7]. In particular, reduced levels of
cholesterol precursors and de novo cholesterol synthesis were measured
in the brain of several rodent models of HD from presymptomatic stages
[5,6,8]. Because peripheral cholesterol is unable to cross the blood-brain
barrier (BBB) [9] and local synthesis of cholesterol in the brain is critical
for neuronal function and synaptic transmission [10,11], its reduced
biosynthesis may contribute to the severe cognitive and synaptic defects
observed in the disease [3,4]. Levels of 24-S-hydroxycholesterol
(24S-OHC), the brain-specific cholesterol catabolite which, unlike
cholesterol, crosses the BBB and can be detected in plasma, were also
decreased in the plasma of HD rodents [5] as in patients [12-14]. This
finding is consistent with a defect in cholesterol biosynthesis in the
brain, although it may also reflect ongoing neuronal loss [12].

On this basis, we have previously begun to explore means of
restoring cholesterol bioavailability in the brain of R6/2 mice, an HD
mouse line that exhibits early and rapid progression of behavioural,
molecular, and electrophysiological abnormalities, starting at 6 weeks of
age. In one study, cholesterol loaded brain-permeable polymeric nano-
particles (NPs) made of poly-lactic-co-glycolic acid (PLGA) and modified
on their surface with the endogenous g7 shuttle-peptide for brain
penetration [15], and called g7-PLGA-NPs-chol, were used to allow
exogenous cholesterol to pass through the BBB after intraperitoneal (ip)
injection. This strategy provided approximately 15 pg of cholesterol,
which was sufficient to prevent cognitive decline and ameliorate syn-
aptic dysfunction in R6/2 mice. However, motor behavior was not
significantly improved [16].

Subsequent dose-dependent studies using osmotic minipumps
allowed to infuse three increasing doses of cholesterol directly into the
striatum of R6/2 mice in a constant and continuous manner [17]. The
highest dose of 369 ug of cholesterol infused in 4 weeks was identified as
the dose capable of restoring both cognitive and motor abnormalities,
while the doses of 15 and 185 ug prevented cognitive decline without
any benefit on motor performance.

Mechanistically, exogenous cholesterol normalized the synaptic ac-
tivity of MSNs by increasing the number of glutamatergic synapses and
the number of docked GABAergic synaptic vesicles and counteracted the
aggregation of mutant HTT (muHTT) by modulating lysosome-
dependent pathways [17]. Restoration of synaptic transmission and
clearance of muHTT aggregates were also confirmed after injection into
the striatum of R6/2 mice of a recombinant AAV carrying the SREBP2
transcription factor known to activate the expression of most cholesterol
biosynthesis genes [18]. In addition to increasing the transcription of
genes of the cholesterol biosynthesis pathway, exogenous SREBP2 also

restored dopamine receptor D2 transcript levels in the R6/2 striatum
[17], indicating an overall improvement of several molecular, cellular,
and biochemical parameters in animals exposed to brain
cholesterol-raising strategies.

A more advanced formulation of NPs containing 30-times more
cholesterol than g7-PLGA-NPs-chol was recently developed [19]. These
NPs, named hybrid-g7-NPs-chol because g7-PLGA is combined with
cholesterol itself in the formulation, completely rescued cognitive
dysfunction. However, they partially ameliorated the motor abnormal-
ities in R6/2 mice [20] due to the rapid progression and short life span
(13 weeks) of this HD mouse model and the fact that not all of choles-
terol is released from the injected NPs in this short period of time [20],
preventing the full exploitation of the benefits of the treatment.

Here, we tested the long-term effects of hybrid-g7-NPs-chol on dis-
ease progression in the slow-progressing zQ175DN (delta-neo) hetero-
zygous (het) knock-in mice [21,22]. This mouse model more closely
mimics the human condition as the neo-deleted knock-in allele encoding
the human HTT exon 1 sequence with a CAG repeat stretch of ~190 is
inserted into the mouse huntingtin (htt) gene. Mice show cognitive and
motor deficits starting from 6 and 9 months, respectively, while clinical
signs and survival deficits appear at 12 months of age [22].

In our study we analyzed the effect of the treatment over 1 year, from
the prodromal stage to the symptomatic stage. The prolonged survival of
the mice ensured complete release of cholesterol from the injected NPs.
In a first cohort, animals were exposed to a single cycle of treatment (2 ip
injections/week for 5 weeks) in the presymptomatic phase (“early
treatment”) to evaluate its influence on the onset of the disease and its
efficacy over time. In a second cohort, animals were exposed to a single
cycle of treatment when symptoms were evident (“late treatment™) to
test cholesterol effectiveness in restoring physiological conditions. The
last cohort included animals doubly treated, i.e. with “early treatment”
and “late treatment” (“2-cycle treatment”) to simulate long-term mul-
tiple dose treatment. Improvement of disease phenotypes were analyzed
along with the likelihood of side effects. In all three studies, cholesterol
administration led to full recovery from the cognitive decline associated
with disease progression, an effect that was long-lasting and occurred
even with the “late treatment” alone, when the animals were symp-
tomatic. Reversal of motor defects and massive reduction of muHTT
aggregates coincided with the timing of maximum cholesterol release.
No major tissue or systemic side effects were noted.

We conclude that cognitive decline in HD mice is fully curable for at
least 9 consecutive months and that cholesterol delivery to the HD brain
is a safe and versatile therapeutic option that can prevent or counter
multiple disease phenotypes.

2. Material and methods
2.1. NPs production and characterization

Hybrid-g7-NPs loaded with Bodipy-chol and labelled with Cy5 (Cy5-
hybrid-g7-NPs-Bodipy-chol), hybrid-g7-NPs loaded with d6-chol
(hybrid-g7-NPs-d6-chol) and hybrid-g7-NPs-chol were prepared and
characterized as previously described [19,20]. Briefly, all NPs were
produced via a nanoprecipitation method by dissolving 25 mg of poly-
mer and 25 mg of lipid in acetone and using a 0.5% w/V Pluronic® F68
water solution at 45 °C as aqueous phase. For each batch, standard
nanotechnological characterization was performed to assess NPs qual-
ity. Size (nm), polydispersity index (PDL a value to estimate the
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uniformity in size of the NPs) and z-potential (mV; a measure reflecting
the surface charge of the NPs) were measured with Photon Correlation
Spectroscopy (Malvern Zetasizer ZS, Malvern, UK) at a concentration of
0.01 mg/mL (automatic laser attenuator, refractive index 1.59). The
mean ( + SD) values of these features of all NPs used in this study are
herein summarized: size (nm): 249 + 38; PDI: 0.29 + 0.05; z-potential
(mV): — 30 + 7. The content of cholesterol in each batch was quantified
via RP-HPLC-UV (Jasco, Cremella, Italy) using a system equipped with a
Syncronis C18 column (250 x 4.6 mm; porosity 5 um; Thermo Fisher
Scientific, Waltham, MA, USA), performing a isocratic separation with
50:50 Acetonitrile:Ethanol as mobile phase (flow rate 1.2 mL/min, UV
detector set at 210 nm). Cholesterol was extracted from lyophilized NPs
before injection and PLGA was removed. The mean ( + SD) cholesterol
content was 28.71 + 3.498 mg of cholesterol for 100 mg of NPs. Data
presented were calculated as mean of at least three independent
measurements.

2.2. 2Q175DN colony management and treatment

zQ175DN mice on a C57BL6/J background were acquired by The
Jackson Laboratories (B6.129Sl-Htt‘m1‘1MfC/ 190ChdiJ; Jax stock
#029928; RRID:IMSR JAK:029928) and maintained by mating 6-weeks
old male and female heterozygous mice with C57BL6/J mice (purchased
from Charles River). The colony used in this study carried around 190
CAG repeats. 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 h light/dark schedule, 3-4
mice/cage, with food and water ad libitum). After PCR genotyping, male
and female mice were included and randomly divided into experimental
groups. Littermates were included as controls. All animal experiments
were approved and carried out in accordance with Italian Governing
Law (D.Igs 26/2014; Authorization n.581/2019-PR issued July 29, 2019
by Ministry of Health and Authorization n.714/2020-PR issued July 21,
2020 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).

7-weeks-old wild-type (wt) littermate mice (for cholesterol release
and d6-chol quantification studies) and zQ175DN mice (for the behav-
ioral experiments) were treated with 0.12 mg NPs/gr body weight
(about 1.7 mg NPs/mouse; carrying about 493 pg of cholesterol) for ip
injection. As controls, wt and zQ175DN littermates were treated with
saline solution. In all trials, following ARRIVE guidelines, mice were
assigned randomly, and sex was balanced between the various experi-
mental groups; the animals of the same litter were divided in different
experimental groups; investigator blinding was applied to in vivo pro-
cedures and all data collection.

2.3. Bodipy analysis

Analysis was performed as described in [20]. Briefly, 24 h, 2 weeks,
10 weeks or 20 weeks after a single ip injection of
Cy5-hybrid-g7-NPs-Bodipy-chol, mice were deeply anesthetized by ip
injection of Avertin 2.5% (250 mg/kg body weight) and transcardially
perfused with saline solution followed by PFA 4%. Brains were
post-fixed for 2 h in the same solution at 4 °C (no longer to avoid fluo-
rescence bleaching) and shifted into 30% sucrose to prevent ice crystal
damage during freezing in OCT. 15 um-thick brain coronal sections were
counterstained with the nuclear dye Hoechst 33258 (1:10.000, Invi-
trogen) and then mounted under cover slips using Vectashield mounting
medium (Vector Laboratories). The fluorescence signals of Cy5 and
Bodipy-chol were acquired the following day. To quantify the released
Bodipy-chol from hybrid-g7-NPs-chol, Volocity software was used using
the plug-in “find objects” and “calculate object correlation” (N = 4
mice/time point; N = 6 images/mouse).

Pharmacological Research xxx (xxxx) xxx

2.4. Liquid chromatography-mass spectrometry (LC-MS) analysis for d6-
chol quantification

The previously published validated method by Passoni et al. was
used [23]. Briefly, an aliquot of plasma (50 uL) was diluted with 200 pL
of ethanol containing 200 ng of beta-sitosterol, used as internal stan-
dard. Samples were vortexed and centrifuged at 13,200 rpm for 15 min
and 2 L of the supernatants were directly injected into the LC-MS sys-
tem. Each brain area and peripheral tissues were homogenized in 1 mL
of PBS, containing 500 ng of internal standard. 200 uL of homogenate
were extracted with 800 pL of ethanol, vortexed, and centrifuged for 15
min at 13,200 rpm at 4 °C. 4 uL of each sample 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 transi-
tion) for p-sitosterol (IS). D6-chol and beta-sitosterol were separated on
a Gemini C18 column (50 x 2 mm; 5 pym particle size), using an isocratic
gradient in 100% methanol at 35 °C.

2.5. Behavioral assessments

Novel Object Recognition (NOR) test, Paw Clasping (PC) test, Grip
Strength (GS) test, and Activity Cage (AC) test were performed at 20, 29,
35, and 45 weeks of age for “early treatment” and “2-cycle treatment”,
and at 40 and 49 weeks of age for “late treatment”. Rotarod (RR) test
was performed at 46 weeks of age for “early treatment” and “2-cycle
treatment” and at 50 weeks of age for “late treatment”. All these
behavioral tests were conducted as described in [18].

Fear Conditioning (FC) test was performed at 48 weeks of age for
“early treatment” and “2-cycle treatment” and at 51 weeks of age for
“late treatment”. Contextual and cued fear conditioning were performed
using the Fear Conditioning System (Ugo Basile, series 46000) according
to the following protocol: on day 1, mice were acclimatized in the
behavioral room 30 min before the start of the test. Mice were then
exposed to a conditioned stimulus (CS) consisting in a 10-second 3.5 kHz
tone delivered 150 s after the beginning of the test. The unconditioned
stimulus (US) was a 2-second 0.5 mA foot shock that terminated
together with the CS. The conditioning was repeated 3 times, every 150
s. After the last conditioning, animals were returned to their own cage.
On day 2, contextual memory was assessed by placing mice in the same
conditioning chamber for 5 min. The freezing response was evaluated by
measuring the number of freezing, total time of freezing and latency to
freeze. On day 3, cued fear conditioning was assessed using a modified
conditioning chamber obtained by pasting patterned contexts onto the
walls and floor. Once mice were placed in this modified chamber, the
same protocol as of day 1 was applied, except for the electrical foot
shock that was not administered. Number of freezing, time of freezing
and latency to freeze were recorded. In the cued paradigm, the recording
started 150 s after the beginning of the test, as the US was delivered at
this point.

Y-maze test (YM) was performed at 30 and 48 weeks of age only for
“2-cycle treatment”. A Y-shaped maze with three arms at a 120° angle
from each other was used. After placing the mice in the center of the
maze, they had free access to all three arms. If the mice chose an arm
other than the one they came from, this choice was called an alternation,
which was considered the correct response because mice prefer to
investigate a new arm of the maze rather than returning to one that was
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previously visited. Indeed, returning to the previous arm was considered
an error. The total number of arm entries and the sequence of entries
were recorded in order to calculate the percentage of alternations ac-
cording to the following formula: number of alternations / number of
possible triads x 100. For a summary of animals used in the study and the
tests performed, see Table S2.

2.6. muHTT aggregates analysis

zQ175DN mice from “early treatment” were sacrificed at 29 and 50
weeks of age and mice “late treatment” and “2-cycle treatment” were
sacrificed at 29 and 50-51 weeks of age, respectively and the nalysis was
performed as described in [17]. Mice (N = 3/group) were anesthetized
by ip injection of Avertin 2.5% (250 mg/kg body weight) and trans-
cardially perfused with saline solution followed by PFA 4%. Brains were
post-fixed overnight in the same solution at 4 °C and then in sucrose 30%
to prevent ice crystal damage during freezing in OCT. Immunohisto-
chemistry was performed on 15 um coronal sections. Epitopes were
demasked at 98 °C with NaCitrate (10 mM, pH 6) for 15 min. Tissue
slices were then blocked and permeabilized with Normal Goat Serum 5%
and Triton 0,5% for 1 h at RT, followed by incubation with anti-EM48
primary antibody (1:100; Merck Millipore, cat n° MAB5374) for 3 h at
RT. Slices were washed 3 times (10 min each) with PBS + Triton 0.1% at
RT and exposed to anti-mouse Alexa Fluor 488-conjugated goat sec-
ondary antibodies (1:500; Invitrogen) for 1 h at RT. Sections were
counterstained with the nuclear dye Hoechst 33258 (1:10.000, Invi-
trogen), washed 3 times (10 min each) with PBS + Triton 0.1% at RT and
mounted under cover slips using Vectashield mounting medium (Vector
Laboratories).

To count muHTT aggregates, confocal images were acquired with a
LEICA SP5 laser scanning confocal microscope. Laser intensity and de-
tector gain were maintained constant for all images and 5 z-steps (every
2 um) images were acquired at 40x. To count aggregates, 27 images/
mice from 9 sections throughout the striatum and cortex 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. “Analyze Particles”
plugin (ImageJ) was used to count the number and the size of
aggregates.

2.7. Isotope dilution-gas chromatography-mass spectrometry (ID-GC-MS)
analysis for neutral sterols and 24S-OHC in brain tissues

Animals (N = 4/group) were perfused with saline before isolating the
striatum and cortex to avoid blood contamination. Brain tissues were
frozen and kept at — 80 °C until their use. Frozen tissues were rapidly
weighted and homogenized in ice with sterile PBS (400 pL for the
striatum; 600 pL for the cortex) with an ultra-turrax homogenizer. In a
screw-capped vial sealed with a Teflon-lined septum, 50 uL of tissue
homogenates were mixed together with 500 ng of D4-lathosterol (CDN
Isotopes), 500 ng of D6-desmosterol (Avantipolar Lipids), 100 ng of D6-
lanosterol (Avantipolar Lipids), 400 ng of D7-24S-hydroxycholesterol
(D7-24S-OHC) (Avantipolar Lipids) and 100 pg of epicoprostanol
(Sigma-Merck) as internal standards, 50 pL of butylated hydroxytoluene
(BHT) (5 g/L) and 25 pL of EDTA (10 g/1). 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, desmos-
terol and lanosterol) and 24S-OHC were extracted twice with 5 mL of
hexane. The organic solvents were evaporated under a gentle stream of
nitrogen and converted into trimethylsilyl ethers with BSTFA-1% TMCS
(Cerilliant) at 70 °C for 60 min. Analysis was performed by GC-MS on a
Clarus 600 gas chromatograph (Perkin Elmer) equipped with Elite-5MS
capillary column (30 m, 0.32 mm, 0.25 um. Perkin Elmer) connected to
Clarus 600 C mass spectrometer (Perkin Elmer). The oven temperature
program was as follows: the initial temperature 180 °C was held for 1
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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 pL of sample was
injected in splitless mode. Mass spectrometric data were acquired in
selected ion monitoring mode. Peak integration was performed manu-
ally. Sterols and 24S-OHC were quantified against internal standards,
using standard curves for the listed sterols. The weight of each sample
was used to normalize raw data.

2.8. Electrophysiological analysis

Experiments were performed on submerged brain slices obtained
from mice from the “2-cycle treatment” (N = 3-4/group; 1-2 cells were
recorded for each animal) at 53-55 weeks of age. Animals were anes-
thetized with isoflurane and transcardially perfused with ice-cold
(<4 °C), carboxygenated (95% O2 — 5% CO2) cutting solution (70 mM
sucrose, 80 mM NacCl, 2.5 mM KCl, 26 mM NaHCO3, 15 mM glucose, 7
mM MgCI2, 1 mM CaCl2, 1.25 mM NaH2PO4). The brain was rapidly
removed, and coronal slices (300 um-thick) were cut at striatal level
using a vibratome (DTK-1000, Dosaka EM, Kyoto, Japan). Slices were
transferred into an incubating chamber filled with oxygenated ACSF
(NaCl 125 mM, KCI 2.5 mM, NaHCO3 26 mM, Glucose 15 mM, MgCI2
1.3 mM, CaCl2 2.3 mM and NaH2PO4 1.25 mM) and allowed to equil-
ibrate for 1 h (30 min at 37 °C and 30 min at room temperature). Slice
were then transferred, one by one, to a submerged-style recording
chamber for the whole-cell patch-clamp recordings. The chamber was
mounted on an E600FN microscope (Nikon) equipped with 4 x and 40
x water immersion objectives (Nikon) and connected to a near-infrared
CCD camera for cells visualization.

Data were obtained from MSNs (6 cells from 3 wt mice; 8 cells from 4
zQ175DN mice; 5 cells from 3 zQ175DN+chol mice), identified by their
basic membrane properties (membrane capacitance, input resistance,
and membrane resting potential) and firing pattern (delayed regular
firing). The patch pipettes were produced from borosilicate glass capil-
lary tubes (Hilgenberg GmbH) by using a horizontal puller (P-97, Sutter
instruments) and filled with an intracellular solution containing K-glu-
conate 130 mM, NaCl 4 mM, MgCl, 2 mM, EGTA 1 mM, creatine
phosphate 5 mM, Hepes 10 mM, NayATP 2 mM, Na3GTP 0.3 mM (pH
adjusted to 7.3 with KOH). The signals were amplified with a Multi-
Clamp 700B amplifier (Molecular Devices) and digitized with a Digidata
1322 computer interface (Digitata, Axon Instruments Molecular De-
vices, 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 2-10 kHz. The analysis of the membrane capacitance (Cm)
and the input resistance (Rin) was performed using Clampfit 10.2
(Molecular Devices, Palo Alto, CA, U.S.A.). Cm was estimated from the
capacitive current evoked by a — 10 mV pulse, whereas Rin was
calculated from the linear portion of the I-V relationship obtained by
measuring steady-state voltage responses to hyperpolarizing and depo-
larizing current steps. The spontaneous excitatory postsynaptic currents
(sEPSCs) — mediated by the activation of AMPA receptors as confirmed
by their abolition following application of NBQX 10 uM — were recorded
at a holding potential of — 70 mV. Miniature EPSCs (mEPSCs) were
derived in the presence of 1 pM TTX (Sigma-Aldrich). The off-line
detection of the events was performed manually by using a custom-
made software in Labview (National Instruments, Austin, TX, U.S.A.).
The amplitudes of the events obeyed a lognormal distribution. Accord-
ingly, the mean amplitude was computed as the peak of the lognormal
function used to fit the distribution. Inter-event intervals (measured as
time between two consecutive events) were distributed exponentially
and the mean interval was computed as the tau value of the mono-
exponential function that best fitted this distribution. The kinetic anal-
ysis of currents was performed by measuring rise time (time that current
takes to activate from 10% to 90%) and time constant of decay (td — time
that current takes to deactivate exponentially to 37% of its peak value).
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2.9. Bio-Plex analysis

To measure cytokines and chemokines, mice from the “2-cycle
treatment” (N = 4/group) were anesthetized by ip injection of Avertin
2.5% (250 mg/kg body weight). Blood was collected from the retro-
orbital sinus in a tube containing 20 uL of heparin 2% and centrifuged
at 4000 rpm in a bench-top centrifuge for 15 min to collect the plasma.
Tissues (striatum, cortex, cerebellum, lung, liver, kidney, heart, and
spleen) were isolated and frozen. 5 mg of each tissue were homogenized
using a tissue grinder in 0.5 mL of lysing solution composed of 20 pL of
factor 1, 10 pL of factor 2, 4995 uL of cell lysis buffer and 20 pL of PMSF
500 mM (Bio-Plex® Cell Lysis Kit, Biorad, #171304011). The lysate was
frozen at — 80 °C for 2 min and then, following thawing on ice, it was
sonicated at 40% for 20 s and centrifuged at 4500 rcf at 4 °C for 4 min 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 pg/mL. To perform the Bio-Plex assay, 150 uL of assay buffer were
added to 150 L of samples. Concerning the plasma, samples were
centrifuged at 1500 rcf at 4 °C for 5 min. 60 pL of assay buffer and 120 pL
of sample diluent were added to 60 pL of plasma.

Cytokine levels were measured by using a Bio-Plex murine cytokine
23-Plex assay kit (Biorad, #M60009RDPD) which evaluated the levels
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 factor (G-CSF), granulocyte/macrophage colony-
stimulating factor (GM-CSF), IFN-gamma, KC, RANTES, macrophage
inflammatory protein (MIP-1a and MIP-1b) and monocyte chemotactic
protein-1.

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 min at room temperature. After 3
washing steps, detection antibodies were added, and the plate was
shacked at 300 rpm for 30 min at room temperature. After 3 washing
steps, streptavidin-PE was added, and the plate was shacked at 300 rpm
for 10 min at room temperature. After 3 washing steps, assay buffer was
added and the cytokines levels were 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. The
analytes concentrations specified for the eight-point standard dilution
set included in the kit have been selected for optimized curve fitting
using the five-parameter logistic regression in Bio-Plex ManagerTM
software. These curves were used to interpolate the measured concen-
tration. Data were normalized over the mean of the wt group.

2.10. In vivo evaluation of safety: hematology, clinical chemistry, and
histopathology

17 mice from “2-cycle treatment” (N = 5-6/group) underwent
pathological evaluation to exclude adverse effects of the treatment. Mice
were sacrificed at 50 weeks of age. Peripheral blood was sampled from
the retro-orbital sinus and collected in Eppendorf Tubes® containing 20
uL of Heparin 2%. Blood samples were analyzed by means of a laser-
based hematology analyzer (Sysmex XT-2000iV, Kobe, Japan). Blood
smears were also prepared, stained with May Grunwald Giemsa and
examined. Plasma obtained from blood samples was used to measure
biochemical analytes by means of an automated spectrophotometer
(BT3500, Biotecnica Instruments SPA, Rome, Italy). The following
analytes were measured: cholesterol, triglycerides, glucose, total pro-
tein, albumin, creatinine, ALT and AST.

A complete necropsy was also performed. The total body weight was
recorded, along with the weight of liver, spleen, kidneys, heart, and
testes. The weight of the organs was normalized for the total body
weight. Femoral bone marrow smears were also prepared, stained with
May Grunwald Giemsa and examined. The following organs were
collected and routinely processed for histopathology: brain, heart, lungs,
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liver, kidneys, spleen, salivary glands with mandibular lymph nodes,
skin, skeletal muscle, testes, uterus, and ovaries. Hematoxylin and Eosin
slides were examined by two pathologists blinded to the treatment
groups.

2.11. Heat maps and principal component analyses

Heat maps summarizing the behavior were created in excel using
conditional formatting. For each set of data, a color scale was selected to
define the best (light blue) or worst (dark blue) performance.

Principal component analysis (PCA) at 29 weeks of age and at 45-49
weeks of age was calculated using the R package stats (version 4.1.1)
and visualized using factoextra (version 1.0.7), visualizing also the
convex hull of the set of points belonging to each group of mice. At 29
weeks of age, PCA was performed using the following variables: Nor,
Paw Clasping, Grip Strength, Activity Cage (global) and Activity Cage
(distance). At 45-49 weeks of age, two more variables (Rotarod and Fear
Conditioning) were considered.

2.12. Meta-analysis and data-visualization (NOR test and muHTT
aggregates)

All raw data of the Discrimination Index obtained with the NOR test
performed in HD mice (R6/2 and zQ175DN) treated with different
cholesterol-based strategies ([16-18,20] and this study) were collected
and re-analyzed. Data were visualized using a dotplot also showing their
distribution, the differences between groups have been assessed using a
pairwise t-test, multiple testing correction was performed using the
Bonferroni method. The plot was generated using ggplot2 (version
3.4.0).

All raw data on the number of muHTT aggregates in the striatum of
HD mice (R6/2 and zQ175DN) treated with different cholesterol-based
strategies ([16-18,20] and this study) were collected and the mean
values for each group were normalized to 100 (corresponding to the
mean of muHTT aggregates in untreated HD mice). Then, the normal-
ized data were represented using a circular barplot to show the mean
number of aggregates in the different treatments. The plot was gener-
ated using ggplot2 (version 3.4.0).

2.13. Statistics

G*Power  (https://www.psychologie.hhu.de/arbeitsgruppen/allg
emeine-psychologie-und-arbeitspsychologie/gpower) was used to
compute statistical power analysis in order to pre-determine group
allocation, data collection, and all related analyses. Prism 9 (GraphPad
software) was used to perform all statistical analyses. Grubbs’ test was
applied to identify outliers. For each set of data to be compared, we
determined whether data were normally distributed to select parametric
or not parametric statistical tests. Data are presented as mean+standard
error of the mean (mean+SEM). The limit of statistical significance was
set at p-value < 0.05. The specific statistical test used is indicated in the
legend of the figures.

3. Results
3.1. In vivo distribution and pharmacokinetics of hybrid-g7-NPs-chol

To design the therapeutic regimens for NP-based cholesterol delivery
to zQ175DN mice, we first traced the temporal dynamics of intracellular
cholesterol release from NPs using hybrid-g7-NPs labelled with Cy5 (a
far-red fluorescent dye) and loaded with Bodipy-cholesterol, a photo-
stable fluorescent cholesterol derivative. The coefficient of overlap be-
tween the Cy5 (detecting the NPs) and Bodipy (tracking the cholesterol
moiety) signals measured by confocal microscopy was then used to
assess cholesterol release from NPs over time.

7-week-old wt mice were treated with a single ip injection, sacrificed
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at 24 h, 2 weeks, 10 weeks, and 20 weeks post-injection and overlap
coefficient was measured over time on the cryo-sectioned brain slices
(Fig. S1A). We found that 24 h after a single ip injection, Cy5 and Bodipy
signals colocalized in striatum and cortex (overlap coefficient = 0.829
and 0.758 respectively; an overlap coefficient of 1 indicates total over-
lap), while 2 weeks after the two signals were partially separated
(Fig. S1B and C). Overlap coefficient at 2 weeks showed that approxi-
mately 15% and 28% of Bodipy were no longer colocalized with Cy5 in
striatum and cortex, respectively, suggesting a progressive release of
cholesterol from the NPs, in parallel with a reduction in Cy5 signal likely
due to polymer degradation (overlap coefficient = 0.708 in striatum and
0.542 in cortex; Fig. S1B and C). At 10 weeks post injection, 70% of
cholesterol was released in the striatum and 63% in the cortex (overlap
coefficient = 0.232 and 0.274, respectively), while at 20 weeks 93% of
cholesterol was released in the striatum and 86% in the cortex (overlap
coefficient = 0.057 and 0.109 respectively; Fig. S1B and C). Collectively,
these data show that, in the brain, all encapsulated cholesterol is
released within 20 weeks.

To further strengthen our understanding of NPs pharmacokinetics
and quantify the amount of exogenous cholesterol reaching the brain,
we then exploited deuterated cholesterol (d6-chol)-laden hybrid-g7-NPs
(hybrid-g7-NPs-d6-chol) (Fig. S1D). The presence of six deuterium
atoms in the cholesterol structure makes it possible to distinguish
exogenous from endogenous cholesterol and to quantify the former in
different tissues by mass spectrometry [20]. Hybrid-g7-NPs-chol carried
a calculated amount of about 29 mg of cholesterol for 100 mg of NPs (see
Methods). In our previous study we demonstrated that the concentration
of d6-chol in different brain regions (striatum, cortex, cerebellum) at 24
h ranged from 0.36 to 0.54 ng/mg of tissue, with values increasing up to
three times at the 2-week time point [20] (summarized in Table S1). We
have now added the time points 10- and 20-week post ip injection (red
boxes in Table S1). D6-chol was still present in the brain at 10 weeks,
although the amount decreased by half from 2 weeks, and was further
reduced at 20 weeks before returning to levels seen 24 h after treatment.
Importantly, d6-chol in peripheral tissues and plasma decreased rapidly
over time and was no longer detected at the late time points, suggesting
that cholesterol was utilized by brain cells and cleared in the periphery
(Table S1).

3.2. One cycle of treatment with hybrid-g7-NPs-chol in the
presymptomatic phase postpones symptoms in 2Q175DN mice

In the first experimental regimen paradigm, defined “early treat-
ment”, zQ175DN mice were ip injected with hybrid-g7-NPs-chol (here
referred to as the “zQ175DN-chol” group) at presymptomatic stage
from 5 to 9 weeks of age, following the same regimen used for R6,/2
mice, i.e. with 2 injection/week for 5 weeks [20]. As controls, wt and
zQ175DN mice were treated with saline (herein named wt and
zQ175DN, respectively). Since about 493 pg of cholesterol were
administered with each ip injection (see methods), a cycle of 10 ip in-
jections corresponded to a total of about 4930 pg of cholesterol
administered to each animal. This amount was about 30 times higher
than the amount used in our previous study with g7-PLGA-NPs-chol
injected in R6/2 mice [16]. Since 10% of g7-NPs cross the BBB [15,
24], 493 ug of cholesterol is expected to reach the brain per treatment
cycle, a dose similar to the higher dose delivered into the striatum with
osmotic mini-pumps and found to improve both cognitive and motor
defects in R6/2 mice [17].

Cognitive and motor skills were extensively assessed in each group at
20, 29, 35 and 45-48 weeks of age (Fig. 1A; Table S2).

To evaluate cognitive performance after treatment, we first per-
formed the Novel Object Recognition (NOR) test, which measures
recognition memory, a subtype of declarative long-term memory, and is
based on rodents’ natural propensity to explore novelty. Recognition
memory was severely impaired in zQ175DN mice as early as 20 weeks of
age and the defect persisted up to the 45-week time point tested
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(negative Discrimination Index in Fig. 1B). After the “early treatment”,
zQ175DN mice behaved like the wt mice at 20 and 29 weeks of age but
the effect was lost at 35 and 45 weeks (Fig. 1B). This finding is consistent
with the kinetics of cholesterol release, accumulation, use and elimi-
nation in the brain as described in Fig. S1 and in Table S1 and demon-
strates the ability of exogenous cholesterol to postpone the onset of
abnormal cognitive events by several weeks in zQ175DN mice.

To evaluate the impact of exogenous cholesterol on disease pro-
gression, we also measured dystonic movements through the Paw
Clasping (PC) test. zQ175DN mice exhibited clasping activity as early as
20 weeks of age, which was not rescued in zQ175DN+chol mice
(Fig. 1C). However, at 29 weeks of age, the amount of cholesterol
released from the NPs was sufficient to normalize clasping behaviour. As
for the NOR, this effect was lost at 35 and 45 weeks of age (Fig. 1C).

In the Grip Strength (GS) test, which measures neuromuscular
strength, zQ175DN mice showed a defect in this parameter compared to
controls at all time points (Fig. 1D). Administration of cholesterol to the
brain completely reversed this defect at 20 and 29 weeks of age. At 35
weeks the improvement was markedly diminished although still signif-
icant and was lost at 45 weeks (Fig. 1D).

At 46 weeks of age, Rotarod (RR) test was used to assess motor skills.
A decrease in the latency to fall was observed in zQ175DN mice
compared to wt littermates, confirming the late-onset motor defect
observed in this mouse model [21]. However, not unexpectedly, this late
defect was not recovered by the “early treatment” (Fig. 1E).

Similarly, at 48 weeks of age, there was no significant effect of the
early cholesterol treatment in the Fear Conditioning (FC) test (Fig. S2A
and B), a type of associative learning task that measures the animal’s
ability to associating a neutral conditional stimulus (tone) with an un-
conditioned aversive stimulus (a mild electrical foot shock) exhibiting a
conditioned fear response resulting in no movement (freezing).
zQ175DN mice showed reduced freezing in both the contextual (when
the animal is tested in the original training context) and cued (when the
conditional stimulus is presented in a different context) paradigm, but as
for the GS (Fig. 1D) and RR (Fig. 1E) tests performed at 45-46 weeks, the
“early treatment” had no impact on FC measured at the late 48-week
time point (Fig. S2A and B).

3.3. Treatment is also effective in the symptomatic phase

In a second experimental regimen paradigm, we tested the ability of
hybrid-g7-NPs-chol to counteract disease manifestations in symptomatic
zQ175DN mice treated from 25 to 29 weeks of age (termed “late treat-
ment”) (Fig. 1F). Unlike the “early treatment” (Fig. 1B), zQ175DN+chol
mice showed a complete recovery of NOR-dependent cognitive decline
at 40 and 49 weeks of age, compared with saline-treated zQ175DN mice
(Fig. 1G).

Regarding the PC test, we found that at 49 weeks of age,
zQ175DN+chol mice performed better than wt and zQ175DN groups
(Fig. 1H). The latter two groups did not differ from each other as the wt
mice also developed clasping with age.

In contrast, neuromuscular defects were fully rescued at both 40 and
49 weeks of age compared to untreated zQ175DN mice (Fig. 1I), i.e. at
the late time points that showed no rescue in the “early treatment”
(Fig. 1D). Finally, while cholesterol administration at presymptomatic
stage was not effective in the RR test (Fig. 1E), zQ175DN mice from the
“late treatment” group showed improved performance at 50 weeks of
age (Fig. 1J).

3.4. The combination of “early and late” cholesterol administration leads
to complete cognitive and motor recovery

The finding that the beneficial effect of one cycle of treatment per-
sisted at 29 weeks of age (i.e. 20 weeks after the last ip injection, Fig. 1B-
D) but was lost starting at 35 weeks of age, suggested that more treat-
ments can prolong the benefit over time. Consequently, we tested the
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combination of two treatment cycles, which we termed “2-cycle treat-
ment” (Fig. 2A): the first from 5 to 9 weeks of age (as performed with the
“early treatment”, Fig. 1A) and the second from 21 to 25 weeks of age,

for a total of 20 injections per animal over 20 weeks (5 months).
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After “2-cycle treatment”, complete reversal of cognitive decline
associated with recognition memory (NOR test) was observed at all
analysed time points in zQ175DN mice, and up to the study endpoint of
45-50 weeks of age (Fig. 2B). In the FC test, the same treatment regimen
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Fig. 1. Cognitive and motor abilities of zQ175DN mice after “early treatment” and “late treatment”. A Experimental paradigm of the “early treatment”: zQ175DN
mice (N =9-18) were treated with g7-hybrid-NPs-chol (0.12 mg NPs/gr body weight) from 5 to 9 weeks of age with 2 ip injection/week; wt (N = 10-13) and
zQ175DN (N = 10-11) littermates were treated with saline solution as controls. Novel Object Recognition (NOR), Paw Clasping (PC), Grip Strength (GS), and Activity
Cage (AC) tests were performed at 20-29-35-45 weeks of age, Rotarod (RR) at 46 weeks of age, Fear Conditioning (FC) at 48 weeks of age. Mice were sacrificed at 50
weeks of age. B-E Behavioral tests. Discrimination index (DI; %) in NOR (B); PC score (C); GS (gr, D); latency to fall (sec) in RR (E). F Experimental paradigm of the
“late treatment”: zQ175DN mice (N = 13-14) were treated with g7-hybrid-NPs-chol (0.12 mg NPs/gr body weight) from 21 weeks of age to 25 weeks of age with 2 ip
injection/week; wt (N = 13-14) and zQ175DN (N = 13-14) littermates were treated with saline solution as controls. NOR, PC, GS, and AC were performed at 40-49
weeks of age, RR at 50 weeks of age, and mice were sacrificed at 51 weeks of age. G-J Behavioral tests. Discrimination index (DI; %) in NOR (G); PC score (H); GS (gr,
D); latency to fall (sec) in RR (J). (C and H): wt mice develop clasping with age; the mean of combined PC data in wt mice at 40, 45 and 49w (C and H) is higher than
the mean of PC data in wt mice at 20, 29, 35w (C) (1.034 +/- 0117 and 0,2892 +/- 0.05 respectively; p < 0.0001 Welch’ t test). Data information: data in B-E are
from three independent trials and shown as scatterplot graphs with mean+SEM. Data in G-J are from two independent trials and shown as scatterplot graphs with
mean+SEM. Each dot (B, D, E, G, I, J) corresponds to the value obtained from each animal. Statistics: one-way ANOVA with Tuckey post-hoc test (*p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001).

also restored normal freezing at 50 weeks in zQ175DN mice exposed to
the cued paradigm (Fig. 2C), although this was not true in the contextual
paradigm (Fig. S2C). To further explore aspects of cognition, we also
performed the Y-Maze (YM) spontaneous alternation test, which mea-
sures the rodents’ willingness to explore new environments and provides
an index of their short-term memory. However, this test revealed no
difference at 30 and 48 weeks between the genotypes (Fig. S2D).

Furthermore, disease progression assessed by the PC test was halted
in zQ175DN+-chol mice treated with 2 cycles starting at 29 weeks of age,
and the improvement remained highly significant at 35 and 45 weeks of
age (Fig. 2D). At 45 weeks of age, zQ175DN+-chol mice performed even
better than wt mice, which worsen over time due to ageing (Figs. 1C and
H, 2D). Thus, the “2-cycle treatment” ensures continued benefit in NOR
and PC tests that extends to times when the “early treatment” alone was
ineffective, due to depletion of the initially administered cholesterol
over the course of several months (Fig. 1B and C).

Also in the GS test, where the efficacy of “early treatment” was
moderately present at 35 weeks of age and absent at 45 weeks of age
(Fig. 1D), “2-cycle treatment” produced a complete recovery even at the
late time points, with values overlapping those of wt mice (Fig. 2E).

Regarding motor defects, 2-cycle treatment with hybrid-g7-NPs-chol
normalized RR performance at 46 weeks in zQ175DN-+chol mice
compared to saline-treated mice, reaching values similar to those
observed in wt mice (Fig. 2F). Regarding other motor skills (assessed by
the Activity Cage test, AC), a small, but significant, reduction in global
activity and total distance travelled was measured at 45 weeks of age in
zQ175DN mice compared to wt mice and the 2-cycle treatment was able
to counteract these defects (Fig. 2G and H). These benefits were not seen
in the zQ175DN+chol mice after the “early” or “late treatment”
(Fig. S2E-H, see time points 45-49 weeks).

Fig. 3A shows the heat-maps generated by aggregating the values of
cognitive (NOR) and motor (PC, GS, AC) tasks from “early treatment”,
“late treatment” and “2-cycle treatment” and using a color-coding sys-
tem to represent different levels of performance (from best, light blue, to
worst, dark blue, performance). As expected, zQ175DN mice globally
deteriorated over time, while zQ175DN+chol mice after the “early
treatment” performed better up to 29 weeks of age (i.e., for 20 weeks
after the last ip injection) compared to untreated HD littermates
(Fig. 3A, top). Similarly, HD-related defects were recovered in the
symptomatic HD mice after the “late treatment” (Fig. 3A, center). Of
note, a “2-cycle treatment” (Fig. 3A, bottom) was required to have
complete and sustained recovery at all time points.

Principal component analysis (PCA) applied to the values of all
motor and cognitive tests also clearly separated the wt group from the
zQ175DN group (Fig. 3B and C). Importantly, at 29 weeks of age, after
the “early treatment”, the zQ175DN+chol group separated from the
zQ175DN group and showed overlap with the wt group (Fig. 3B).
Similarly, at 45-49 weeks of age, zQ175DN+chol mice after the “late
treatment” or the “2-cycle treatment” were clearly distinguishable from
the zQ175DN group and overlapped with the wt group (Fig. 3C).

To explore further the efficacy of cholesterol administration on
cognitive decline, we decided to pool and re-analyse all raw data

obtained in the NOR assays performed on R6/2 mice [20] and zQ175DN
mice (this paper) treated with hybrid-g7-NPs-chol, R6/2 mice treated
with the previous g7-PLGA-NPs-chol formulation [16], as well as R6/2
mice implanted with osmotic mini-pumps filled with cholesterol [17] or
intracerebrally injected with AVV-SREBP2 [18]. From all these studies
only the latest time point was considered for a total of 124 wt (control)
mice, 130 untreated HD mice and 127 treated HD mice (the last two
groups included both R6/2 and zQ175DN mice) which were then sta-
tistically compared. As shown in Fig. 3D, the distribution of the NOR
values obtained from two HD mouse lines treated with any of the four
treatments mentioned above, including those used in this paper,
regardless of the type of strategy, delivery system, mouse genotype and
time of administration, overlapped more with the values of the wt
groups than with those of the HD groups. This result highlights that any
treatment that supplies exogenous cholesterol to the brain or increases
its endogenous synthesis is able to counteract cognitive decline in HD
mice. In the present study we demonstrate that the administration of
cholesterol to the brain leads to a cognitive recovery that lasts almost 1
year.

In this study, we also quantified in the striatum and cortex of saline-
and chol-treated animals the content of total cholesterol and the level of
its main precursors lanosterol, lathosterol, and desmosterol, and of the
brain-specific cholesterol catabolite 24S-OHC at 29 and 50-51 weeks of
age, i.e. 5-6 months after the last ip injection in the different experi-
mental regimens adopted (Fig. 4; Fig. S3; Fig. S4). In total, by combining
all three trials, we performed 480 measurements of the level of choles-
terol and its metabolites/catabolites in the striatum and cortex of 16
mice for each of the three groups (wt, zQ175DN and 16 zQ175DN+chol
mice). We confirmed that a statistically significant reduction in the level
of cholesterol, lanosterol, lathosterol and desmosterol is present in
zQ175DN striatum at all time-points (29 and 50 weeks), compared to wt
mice (Fig. S3). These data reinforce previous mass-spectrometry data
showing reduced cholesterol content and cholesterol biosynthesis in the
striatum of R6/2 mice and other HD mouse models [6,18] and a reduced
rate of daily cholesterol synthesis in vivo in zQ175 mice carrying the
floxed neo cassette [8]. A decrease in 24S-OHC level was also found in
the striatum of zQ175DN compared to wt mice, albeit with some vari-
ability between the trials (Fig. S3). A similar reduction in lathosterol,
lanosterol and 24S-OHC was observed in cortical samples from
zQ175DN mice (Fig. S4). Not unexpectedly, at the last time points
analysed, i.e. 20 and 40 weeks after the last ip injection of
hybrid-g7-NPs-chol, we found no differences in the steady-state levels of
all the metabolites in treated versus untreated zQ175DN mice (Figs. 4,
S3 and S4).

Taken together, these data demonstrate that one cycle of hybrid-g7-
NPs-chol, both in the presymptomatic and symptomatic phase, is suffi-
cient to prevent or normalize several behavioral defects in zQ175DN
mice for 5-6 months, while 2 cycles of hybrid-g7-NPs-chol generate
global and long-lasting therapeutic effects that last almost a year.
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Fig. 2. Cognitive and motor abilities of zQ175DN mice after “2-cycle treatment”. A Experimental paradigm of the “2-cycle treatment”: zQ175DN mice (N = 9-17)
were treated with g7-hybrid-NPs-chol (0.12 mg NPs/gr body weight) from 5 weeks of age to 9 weeks of age and from 21 to 25 weeks of age with 2 ip injection/week/
cycle; wt (N = 15-21) and zQ175DN (N = 11-21) littermates were treated with saline solution as controls. NOR, PC, GS, and AC were performed at 20-29-35-45
weeks of age, Y-maze (YM) test at 30-48 weeks of age, RR at 46 weeks of age, FC at 48 weeks of age. Mice were sacrificed at 51 weeks of age. B-H Behavioral tests.
Discrimination index (DI; %) in NOR (B); n° of freezing episodes in FC (cued paradigm, C); PC score (D); GS (gr, E); latency to fall (sec) in RR (F); global activity (G)
and distance (cm, H) in AC. Data information: data in B-H are from three independent trials and shown as scatterplot graphs with mean+SEM. Each dot (B, D-H)
corresponds to the value obtained from each animal. Statistics: one-way ANOVA with Tuckey post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Fig. 3. Segregation of the behavioral tasks in cholesterol treated HD mice with wt mice versus HD mice. A Heat maps summarizing the behavior related to NOR, PC,
GS, and AC tests of all treatment using conditional formatting (excel). Light blue: best performance; dark blue: worst performance. B-C Principal component analysis
(PCA) by combining all the values related to motor and cognitive tasks from all mice at 29 weeks (B) and 45-49 weeks of age (C). The convex hull of the set of points
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differences between groups have been assessed using a pairwise t-test, multiple testing correction was performed using the Bonferroni method.
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Fig. 4. Sterols in the striatum of zQ175DN mice after “early treatment”, “late treatment” and “2-cycle treatment”. A-B Cholesterol (A) and lathosterol (B) content
quantified by mass spectrometry in the striatum of animals (N = 4/group) from the “early treatment” (29- and 50-week), “late treatment” (51-week) and “2-cycle
treatment” (50-week). Data information: data in A-B are shown as scatterplot graphs with mean+SEM. Each dot corresponds to the value obtained from each animal.

Statistics: one-way ANOVA with Tuckey post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.00

3.5. Exogenous cholesterol ameliorates the neuropathological deficit of
HD mice

The evidence that exogenous cholesterol produces long-lasting ben-
efits in zQ175DN mice led us to investigate whether early and late
neuropathological abnormalities typical of the disease state were also
ameliorated. Our previous work demonstrated that 4-week infusion of
369 pg of cholesterol with osmotic minipumps into the striatum of R6,/2
mice reduced the number and size of muHTT aggregates [17].

At 29 and 50 weeks of age, zQ175DN mice showed muHTT aggre-
gates detected wusing EM48 antibody (Fig. 5). In contrast,
z2Q175DN+chol mice that received one cycle of hybrid-g7-NPs-chol in
the presymptomatic phase (“early treatment”; Fig. 5A) showed a sta-
tistically significant reduction in the number of muHTT aggregates in
both striatum and cortex at 29 weeks of age, i.e. 5 months after the last ip
injection, but - consistently with the behavioural data in Fig. 1 - this
effect was lost at 50 weeks (Fig. 5B and C; E and F). In the cortex
(Fig. 5G), where more NPs are known to accumulate [20], but not in
striatum (Fig. 5D), the size of muHTT aggregates was also reduced at 29
weeks in cholesterol treated animals, an effect that also in this case was
lost in the 50-week samples. Instead, at the same late time point,
zQ175DN mice after the “late treatment” (Fig. 5H) showed a significant
reduction in the number and size of muHTT aggregates in both the
striatum and cortex (Fig. 5I-N). These data indicate that exogenous
cholesterol promotes the clearance of muHTT aggregates rather than
preventing their formation. Of note, the 50-week-old zQ175DN-chol
mice that received 2 cycles of hybrid-g7-NPs-chol (Fig. 50) showed
greater reductions in the number and size of muHTT aggregates in both
striatum and cortex compared to zQ175DN control mice (Fig. 5P-U).

All these results demonstrate that cholesterol delivery to the HD
brain through systemic injection of hybrid-g7-NPs-chol effectively re-
duces muHTT aggregation, and that the content and timing of the
treatment are critical to detect changes.

We also collected and re-analysed all raw data on the number of
muHTT aggregates in the striatum upon the different cholesterol-based
strategies from our previous [17,18,20] and current study. A total of 22
untreated and 27 treated zQ175DN mice were considered in this
meta-analysis, for a total of 664 images collected for each group
covering the striatum. The mean values for each group were normalized
to 100% (Table S3) and used to generate a circular barplot to visualize
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5 ¥***p < 0.0001).

the effect on the number of muHTT aggregates upon the different
treatments and strategies at the time points where a behavioural effect
was observed. As shown in Fig. 5V, all cholesterol-raising strategies were
able to reduce muHTT aggregates but with varied degree. Treatment
with either g7-PLGA-NPs-chol or g7-hybrid-NPs-chol in the R6/2 mouse
model was ineffective as its short lifespan likely does not allow to benefit
from the complete release of cholesterol from NPs. SREBP2 gene therapy
[18], intrastriatal infusion of cholesterol with osmotic mini-pumps [17]
and the “2-cycle treatment” described in this paper were the most
effective, with the latter having produced an almost complete disap-
pearance of muHTT aggregates compared with any other strategy
(Fig. 5V).

3.6. Neuronal functionality is restored by "2-cycle treatment”

Excitatory synaptic transmission is known to be severely affected in
MSNs from several HD mouse models [25-27]. Increased input resis-
tance (Rin) and decreased frequency of spontaneous excitatory
post-synaptic currents (SEPSC) were described in MSNs of Q175 mice
carrying the neo cassette compared to MSNs of wt mice [26-29].

Here we examined the electrophysiological properties of striatal
MSNs from brain slices of wt and zQ175DN mice versus those of
zQ175DN+chol mice following the “2-cycle treatment”. The analysis of
the basic membrane properties of MSNs did not show differences in
membrane capacitance (Cm) between genotypes (Fig. 6A). Instead, the
resting membrane potential (Vm) was significantly depolarized, and
membrane Input Resistance (Rin) was increased in zQ175DN MSNs with
respect to wt MSNs (Fig. 6B and C). Notably, cholesterol delivery
normalized Vm in zQ175DN+chol MSNs bringing the value back to
those of wt MSNs (Fig. 6B).

Furthermore, Fig. 6D and E show the representative traces and
reduced frequency of spontaneous AMPA-mediated excitatory post-
synaptic currents (SEPSC) in zQ175DN MSNs compared to wt and
zQ175DN-+chol MSNs. The frequency of SEPSC was fully normalized in
cholesterol treated zQ175DN MSNs compared to zQ175DN MSNs
(Fig. 6E). Moreover, the distribution of the inter-event intervals of
sEPSCs in the zQ175DN+chol MSNs overlapped.

with that of wt MSNs (Fig. 6F). Similarly, the frequency and the inter-
event intervals of miniature EPSCs (mEPSC), which are both altered in
zQ175DN MSNs, were fully normalized in MSNs from zQ175DN+chol
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Fig. 5. Mutant HTT aggregates in the striatum and cortex of zQ175DN mice after “early treatment”, “late treatment” and “2-cycle treatment”. A-G Experimental
scheme of the “early treatment” (A) and immunolabeling of muHTT aggregates (showing muHTT aggregates positive for EM48 antibody in green) in striatum (B) and
cortex (E) in brain coronal slices of zQ175DN and zQ175DN-chol mice at 29 and 50 weeks of age (N = 3/group); relative quantification of aggregates n° and size (C,
D, F, G). H-N Experimental scheme of the “late treatment” (H) and immunolabeling of muHTT aggregates (showing muHTT aggregates positive for EM48 antibody in
green) in striatum (I) and cortex (L) in brain coronal slices of zQ175DN and zQ175DN+chol mice at 51 weeks of age (N = 3/group); relative quantification of
aggregates n° and size (J, K, M, N). O-U Experimental scheme of the “2-cycle treatment” (O) and immunolabeling of muHTT aggregates (showing muHTT aggregates
positive for EM48 antibody in green) in striatum (P) and cortex (S) in brain coronal slices of zQ175DN and zQ175DN-+chol mice at 50 weeks of age (N = 3/group);
relative quantification of aggregates n° and size (Q, R, T, U). V Meta-analysis and data-visualization representing the mean of the number of muHTT aggregates in the
striatum of HD mice after cholesterol-raising strategies. The normalized data were represented using a circular barplot to show the mean number of aggregates in the
different treatments. Data information: Hoechst (Ho, blue) was used to counterstain nuclei. Scale bar: 20 ym. 10 images/animal were analyzed from 9 sections
throughout the entire striatum and cortex. Data in C-D, F-G, J-K, M-N, Q-R, T-U are shown as scatterplot graphs with mean+SEM. Each dot corresponds to the value
obtained from each image. Statistics: Student’s t-test (**p < 0.01; ***p < 0.001; ****p < 0.0001). Statistics in V: Student’s t-test (*p<0.05;***p<0.001;
*#%%p<0.0001). R6/2 minipumps: HD treated vs HD untreated (****); R6/2 SREBP2 gene therapy: HD treated vs HD untreated (****); R6/2 g7-PLGA-NPs-chol: HD
treated vs HD untreated (ns); R6/2 g7-hybrid-NPs-chol: HD treated vs HD untreated (ns); zQ175DN g7-hybrid-NPs-chol (early): HD treated vs HD untreated (*);
zQ175DN g7-hybrid-NPs-chol (late): HD treated vs HD untreated (***); zQ175DN g7-hybrid-NPs-chol (2-cycle): HD treated vs HD untreated (****).
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mice (Fig. 6G-H). No significant differences were found in the mean
amplitude and kinetics (rise time and decay time) of SEPSC (Fig. S5A-C)
and mEPSCs (Fig. S5D-F) between the wt, untreated and treated
zQ175DN MSN groups.

These data indicate that exogenous cholesterol restores synaptic
function in zQ175DN MSNs and that behavioral improvement correlates
with normalization of electrophysiological parameters.

3.7. Absence of long-term adverse effects of the treatment regimen

We also assessed the risk of adverse effects in the “2-cycle treat-
ment”. For this purpose, a multiplex immunoassay (Bio-Plex) was used
to simultaneously measure the level of 23 inflammatory cytokines in
eight tissues (striatum, cortex, cerebellum, lung, liver, kidney, heart,
spleen) and in plasma. We found an overall similar inflammatory profile
among the three experimental groups with slight variations for only 2
pro-inflammatory analytes (eotaxin and creatine kinase, KC) in three
tissues (striatum, cerebellum, and liver), suggesting that the treatment
does not induce a relevant immune response (Table S4).

Clinical observation of mice exposed to the different therapeutic
regimens also revealed no fatalities in the groups nor did routine he-
matology reveal differences between the groups (Table S5). Platelet
count was higher in the zQ175DN+chol group than in the wt
(p = 0.028) and zQ175DN (p = 0.011) groups. Large clumps of platelets
were also detected on smears from some of the mice in the latter groups
(wt, 2/6 mice; zQ175DN, 4/6 mice). A statistically significant difference
in albumin concentration was detected between the zQ175DN+chol
mice and wt mice (p = 0.019), and between zQ175DN-+chol mice and
zQ175DN mice (p = 0.025) (Table S6). Despite a trend to increased
values of ALT and AST, due to a single mouse with high values of both
the enzymes, no statistically significant differences were seen in the
other parameters. Overall, these data indicate good in vivo tolerability
of 2 cycles of hybrid-g7-NPs-chol as no major adverse findings emerged.

No statistically significant differences in the total body weight and
organs weight were found between zQ175DN and zQ175DN-+chol
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groups (Table S7). No major histopathological findings were found in
any of the organs examined (Table S8) and those occasionally present
were interpreted as background or incidental lesions with no differences
in their frequency or severity between groups.

In all cholesterol treated mice from the “2-cycle treatment”,
numerous (5-6 per mouse), spherical, 2-3 mm in diameter, whitish,
hard concretions were found loose in the abdominal cavity. No macro-
scopic lesions associated with the concretions were observed. Histo-
logical examination of these concretions revealed a central mineralized
nucleus, intermingled with necrotic material, cholesterol clefts, variable
number of foamy macrophages and occasional multinucleated giant
cells surrounded by a fibrous capsule (foreign body granuloma) and
covered externally by a monolayer of flattened mesothelium. These
concretions were not or were rarely present in mice exposed to the other
therapeutic regimens (in “early treatment” and “late treatment™) and
their number and size depended on the timing and number of cycles
(Table S9).

4. Discussion

There is now a substantial body of evidence indicating that deliv-
ering exogenous cholesterol to the HD brain or targeting its homeostasis
can halt disease progression in mice. Notably, our new findings
described in this paper are the end result of 25 years of work done in our
laboratory at the University of Milan, documenting impaired cholesterol
biosynthesis in the brains of 10 rodent models of HD and now demon-
strating that intraperitoneal administration of Chol-loaded NPs in
genetically accurate slowly-progressing HD mice is beneficial in the
long-term, even when administered symptomatically. To date, we
worked to deliver/increase cholesterol level in the HD brain of the
rapidly progressing R6/2 mouse model via four strategies, i.e. by ip
injection of first-generation cholesterol-laden nanoparticles [16,20] or
via osmotic mini-pumps for its direct administration into the striatum
[17] or - in a collaborative effort - by nose-to-brain delivery of liposomes
[23] and also via gene therapy by overexpressing the active form of
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Fig. 6. Electrophysiological analysis in MSNs of zQ175DN mice after “2-cycle treatment”. A-C Membrane Capacitance (Cm, A), Resting Potential (mV; B) and Input
Resistance (Rin, C) recorded from MSNs of wt (6 cells from N = 3 mice), zQ175DN (8 cells from N = 4 mice) and zQ175DN+-chol mice (5 cells from N = 3 mice) from
the “2-cycle treatment”. D Representative traces of spontaneous EPSCs (sEPSCs) at a holding potential of — 70 mV. E-F Mean frequency (E) and cumulative inter-
event histogram (F) of spontaneous EPSCs (SEPSCs) recorded from MSNs of wt, zQ175DN and zQ175DN+-chol mice. G-H Mean frequency (G) and cumulative inter-
event histogram (H) of miniature EPSCs (mEPSCs) recorded from MSNs of wt, zQ175DN and zQ175DN+chol mice. Data information: data in A, B, C, E, and F are
shown as scatterplot graphs with means+standard error. Each dot corresponds to the value obtained from each cell. Statistics (A-H): one-way ANOVA with Tuckey

post-hoc test (*p < 0.05; **p < 0.01; ***P < 0001).

SREBP2 in R6/2 striatal astrocytes in vivo [18], to restore the tran-
scription of genes in the cholesterol biosynthetic pathway in these cells
as they produce most of the cholesterol present in the adult brain and
show limited biosynthetic capacity in the presence of mutant HTT [30].
In a fifth strategy (this paper), we employed ip injection of
second-generation cholesterol-laden nanoparticles in a new mouse
model, the long-lived zQ175 mice.

Others have targeted neuronal cholesterol catabolism by using an
AAV vector overexpressing the neuronal-specific CYP46A1 gene in the
striatum of R6/2 and zQ175 mice (carrying the neo cassette) ([7];
Bousiccault et al., 2016). Activity of CYP46A1, which catalyzes the
conversion of cholesterol into its 24S-OHC catabolite - which then passes
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the BBB and is detected in blood - is reduced in the brain of HD mice and
in post-mortem brain tissues from HD patients [5,7,8,31,32]. CYP46A1
gene therapy thus aims to increase cholesterol catabolism and reverse
cholesterol accumulation of cholesterol - which was found increased in
the striatum of R6/2 mice [31], but not in our studies on the same mice
[5,8,17,18,20,32] nor in zQ175 mice ([7]; this paper), - leading to a
favorable outcome in HD mice. Thus, supplying the HD brain with
exogenous cholesterol or enhancing its biosynthesis or catabolism led to
improved neuronal function and lightening of phenotypes in two HD
mouse models.

Here, we have proven the long-term beneficial effect of cholesterol
administration through the most advanced formulation of brain-
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permeable NPs in counteracting cognitive decline, disease progression,
motor defects, and neuropathological signs in the slowly progressing
zQ175DN mouse model. To our knowledge this is the only study in
which the therapeutic effect of a single molecule was confirmed in a
long-term study (duration 10 months) in HD mice. Other studies
examining long-term treatment effect include four HTT lowering studies
and the aforementioned CYP46A1 gene therapy study [33-36,7].

Importantly, we now demonstrate that cholesterol administration is
equally effective in the presymptomatic and symptomatic stages.
Comparing the “early treatment” with the “late treatment” or with the
combination of both in the “2-cycle treatment” over nearly 1 year, we
also conclude that treatment efficacy persists for 5 months after the last
ip injection, regardless of the time of administration. This is in agree-
ment with the slow release of cholesterol from the injected NPs which is
completed in 5 months, as shown by Cy5-Bodipy imaging data. We also
demonstrate that efficacy can be extended beyond 40 weeks (11 months)
with the "2-cycle treatment”, therefore culminating in lasting recovery.

In this study, we used the zQ175DN mice backcrossed with inbred
C57BL/6 J mice and provided further characterization of the early
stages of the disease in this mouse model. Previous data on these mice
were obtained in a FVB background with the first signs of cognitive and
motor deficits starting at 6-9 months [22]. Here we show that cognitive
decline, neuromuscular (grip) defects, and functional impairment begin
at 5 months (20 weeks) of age, a time that can be considered similar to
the onset of a prodromal phase in humans [37-39].

Cognitive impairment is often reported as the most debilitating
aspect of HD that currently goes untreated. Our previous studies have
shown that 15-20 pg of cholesterol, administered via g7-PLGA-NPs-chol
[16] or with minipumps [17], are sufficient to obtain complete pre-
vention of cognitive decline and that higher doses of cholesterol main-
tain this benefit. In this study, we confirmed that the dose of cholesterol
required to prevent or revert cognitive decline in HD mice is quite low,
thus anticipating that a broad window of therapeutic intervention on
cognition is available. Here we show that the attenuation of cognitive
decline as measured by the NOR test in zQ175DN mice occurs with both
“early treatment” and “late treatment” and is long-lasting with the
“2-cycle treatment”. Instead, associative memory, as measured by the FC
test, can only be rescued by the “2-cycle treatment”.

Recognition memory and associative memory in mice recruit both
the hippocampus and surrounding regions of the cortex, but recognition
memory is primarily associated with the cortico-striatal pathway [26,
40,41]. In contrast, the amygdala is mainly involved in FC-dependent
associative memory [42]. The stronger effect observed in NOR versus
FC performance suggests that exogenous cholesterol acts primarily on
cortico-striatal and hippocampal-striatal interactions [43]. Thus, stra-
tegies aimed at increasing cholesterol biosynthesis may act as modifiers
of cognitive symptoms that appear in the early phases of the disease.
Importantly, Fig. 3D shows that in all cholesterol-raising trials we per-
formed to date, in a total of 381 mice, regardless of treatment, animal
model, and time of delivery, the administration of exogenous cholesterol
or improvement of its biosynthesis in the HD mouse brain completely
normalizes cognition (the two AAV-CYP46AI mouse studies were not
included as cognitive parameters were not measured, [7,31]). We are
not aware of any HD pre-clinical trial whose success has been docu-
mented in so many mice from two different models (i.e., a total of 127
treated and 130 untreated HD mice versus 124 controls were tested for
cognitive parameters) and supported by five different strategies (i.e.,
first and second generation NPs, minipumps, AAV-SREBP2 and
nose-to-brain delivery). The robustness of “brain-cholesterol” therapy in
HD is bolstered by the demonstration that the number of muHTT ag-
gregates, one of the key features of HD pathology, is also consistently
reduced in animals given any of the cholesterol-raising strategies we
have used thus far, with maximal effect observed in zQ175DN mice after
“2-cycle treatment” with hybrid-g7-NPs-chol and no effect, as expected,
when the same NPs are delivered to R6/2 mice due to the slow release of
cholesterol from these NPs and fast disease progression of this mouse
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model.

Regarding clasping behavior - a measure of motor defect - recovery
occurs only at 29 weeks of age and, at later times, only with the “2-cycle
treatment”, while at the 20 weeks the cognitive defect was already
healed. This is consistent with our previous data showing that motor
recovery requires the release of a higher dose of cholesterol [17].
Consequently, complete recovery in the AC and RR tests coincided with
the complete release of cholesterol from the NPs, while normalization in
PC was maximal only when release was at its highest values (at 29 weeks
of age).

Our data also indicate that exogenous cholesterol acts at the pre-
synaptic level. In fact, its administration normalizes the frequency of
sEPSCs, which reflects the number of synaptic contacts or excitability of
pre-synaptic neurons, and of mEPSCs, which reflects the probability of
stochastic release of synaptic vesicles from the presynaptic terminals
and the number of synapses/active zones. These results support the idea
that efficacy of exogenous cholesterol also depends on its ability to
normalize synaptic defects in HD. A deeper understanding of the cell
types and specific circuits associated with behavioral recovery in treated
mice will help increase understanding of the biology of cholesterol-
based recovery.

Extensive mass spectrometry-based studies demonstrated that
cholesterol biosynthesis is impaired early in the HD brain and across
different rodent models ([5-7]; Shankaran et al., 2016; [32]; Bossicault
et al., 2016). In this study we confirmed a decrease in the steady-state
level of cholesterol in the striatum of zQ175DN mice. We also show
that cholesterol precursors and its major catabolite, 24S-OHC, are
similarly reduced in the striatum and cortex of zQ175DN mice compared
to wt mice. In our previous studies, a high dose of cholesterol infused
directly into the striatum of R6/2 mice enhanced the biosynthesis of
endogenous cholesterol [17], probably through its conversion into
24S-OHC in neurons. 24S-OHC may act as a signaling molecule of
neuronal cholesterol status and, by binding to LXRs on astrocytes,
stimulate cholesterol efflux from these cells and, in turn, cholesterol
biosynthesis [44]. However, in the present study, we did not detect
increased steady-state levels of cholesterol precursors and 24S-OHC. It
should be noted that these measurements were only taken only at the
end of treatment, i.e. 5 or 10 months after the last ip injection, probably
a late time to detect a modulation in endogenous of cholesterol.

Our previous results in R6/2 mice showed that cholesterol infusion
[17] or enhancement of endogenous cholesterol biosynthesis [18] in the
striatum promotes clearance of muHTT aggregates. Here we confirm this
result in zQ175DN mice. After the “2-cycle treatment”, muHTT aggre-
gates are barely present in both the striatum and cortex, suggesting that
more cycles produce a greater and longer beneficial effect, and that
exogenous cholesterol likely acts to increase muHTT clearance. The
significant decrease of muHTT aggregates and the significant recovery of
cognitive decline, disease progression and neuromuscular defects, sug-
gest that clearance of muHTT aggregates after cholesterol administra-
tion may contribute to the animal’s behavioural improvement.

Finally, our analyses of inflammatory status and complete necropsy
performed in HD mice after “2-cycle treatment” showed no significant
changes or treatment-related lesions indicative of side effects. The intra-
abdominal mineralized concretions observed in the zQ175DN-chol
group are probably a foreign body reaction to the ip administration,
which is the preferred route of systemic drug administration in mice but
is less used in humans [45,47]. Further biomarkers used in HD clinical
trials such as neurofilament light (NFL) should be included in future
analyses [46]”. Further studies on pharmacokinetics and regulatory
toxicity with other routes of administration and greater translational
significance, such as intravenous administration, are needed.

Differences in platelet counts should be a preanalytical artifact
induced by platelet clumping and were observed in all groups of ani-
mals. Similarly, the increased albumin concentration measured in the
zQ175DN-+chol group can be interpreted as a nonspecific finding,
possibly due to moderate dehydration.
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In summary, the results obtained in this study analyzing behavioral
and neuropathological parameters on a total of 49 cholesterol-treated
zQ175DN mice compared to 48 wt and 48 untreated zQ175DN mice,
support the notion that cholesterol-based strategies act as modifiers of
disease progression. We show that exogenous cholesterol is able to
postpone symptoms when administered presymptomatically and to
reverse symptoms when delivered in the symptomatic phase. We also
show that 2 cycles of cholesterol administration resulted in a complete
and sustained recovery of cognitive and motor deficits lasting almost a
year. Furthermore, the slow release of exogenous cholesterol by NPs
may mimic the low and constant daily cholesterol synthesis that occurs
physiologically in the adult brain.

Given the robustness of the therapeutic impact of cholesterol de-
livery to the HD brain, the next challenge now is to optimize the stra-
tegies for its clinical application. A promising approach may come from
the intranasal delivery of nanoparticles or liposomes, as proposed more
recently [23]. Optimizing nose-to-brain delivery of cholesterol may help
overcome the BBB and more easily deliver cholesterol to the brain.
Furthermore, the new cholesterol-releasing products should have all the
characteristics required by the market to cross the preclinical-clinical
boundary and become a real therapy for HD patients.
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