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1. Introduction

Huntington’s disease (HD) is a progressive autosomal dominant
neurodegenerative disorder caused by the expansion of a CAG repeat
within the huntingtin (HTT) gene that encodes an expanded polyglut-
amine (polyQ) tract in the HTT protein. Lowering of mutant huntingtin
(mHTT) protein in cerebrospinal fluid (CSF) from people with HD
(PwHD) treated with HTT-lowering reagents has been observed in
several clinical trials (Tominersen, Roche/Ionis: ClinicalTrials.gov,
NCT05686551 (McColgan et al., 2023); WVE-003, Wave Life Sciences,
NCT05032196; Branaplam, Novartis, NCT05111249; PTC518, PTC
Therapeutics, NCT05358717 (Gao, 2024)). However, there remains a
critical need for early, quantitative and spatial biomarkers of efficacy to
track the biological benefits of HTT-lowering agents, including those
currently in development and approaching clinical trials.

Currently, most clinical HTT-lowering-directed therapeutic strate-
gies are achieving 35-50 % reduction in HTT (Spronck et al., 2019;
Spronck et al., 2021; Tabrizi et al., 2019; Tabrizi et al., 2020), with
exceptions that UniQure’s AMT-130, delivered with AAV5, has not re-
ported on mHTT lowering levels (Farag et al., 2024) and Skyhawk’s
SKY-0515 reported 72 % HTT mRNA lowering in blood (https://www.
skyhawktx.com/news, July 2024). We wanted to detect CNS-wide
changes in mHTT within the common range being pursued clinically
using the LacQ140 HD mouse model (Marchionini et al., 2022), which

allows for mHtt lowering of both Httla (Sathasivam et al., 2013) and
full-length Htt transcripts in a regulatable fashion to approximately
40-50 % throughout the body in a Q140 KI context (Menalled et al.,
2003). The LacQ140 model exhibits homogenous lowering of mHtt
across all cells due to the ubiquitous B-actin (Patrinostro et al., 2018)
promoter that we used to drive LacIR expression; this homogenous mHtt
lowering is likely more similar to what may be achieved by small
molecule HTT lowering strategies.

We previously reported that early mHtt lowering (at 2 months of age)
greatly delayed the accumulation of mHTT protein inclusion bodies
(IBs), ameliorated behavioral and transcriptional dysregulation, and
delayed the increase of neurofilament light chain (NfL) levels in CSF.
However, all these benefits were attenuated by 12 months of age. Late
mHtt lowering (at 8 months of age) did not improve transcriptional
dysregulation, and behavioral benefits were diminished at 12 months of
age, suggesting that earlier mHtt lowering was more beneficial
(Marchionini et al., 2022). Transcriptional dysregulation is correlated to
the presence of diffuse or aggregated nuclear mHTT, and cytoplasmic IBs
track with behavioral phenotypes in the R6/2 mouse model (Landles
et al., 2020). Here, we sought to understand proteome integrity using
the LacQ140 model and identify biological pathways and proteins that
exhibited long-term responsiveness to mHtt lowering using a multi-
modal approach.

To facilitate the interpretation of regional pharmacological effects of
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candidate therapeutics targeting mHTT, we recently validated nonin-
vasive imaging agents specific for aggregated mHTT and responsive
markers, such as phosphodiesterase 10a (PDE10A), to give insight into
the timing, durability, magnitude and spatial therapeutic effects of
specific mHtt-lowering approaches (Bertoglio et al., 2018; Bertoglio
et al., 2022a). Consequently, we sought to investigate the in vivo changes
in imaging biomarkers in relation to early or late lowering of mHtt in the
LacQ140 mouse model. Specifically, we explored the ability of PET
imaging tracers, [1!C]CHDI-180R (mHTT aggregates) and [®F]MNI-659
(PDE10A), to identify time- and region-specific pharmacological effects
to inform on their applicability in interventional paradigms (Bertoglio
etal., 2022a; Herrmann et al., 2021). Using autoradiography, we further
examined whether imaging agents for striatal markers with diminished
expression in PWHD (specifically PDE10A, and striatal dopamine re-
ceptors) (Antonini et al., 1998; Beaumont et al., 2016; Fazio et al., 2020;
Liu et al., 2020; Russell et al., 2016; Weeks et al., 1996) can detect the
protective effects of mHtt lowering interventions in mice in a time-
dependent manner and serve as pharmacodynamic response indicators
for mHtt lowering with translational potential.

2. Methods
2.1. Animals

All animal experiments were performed according to guidelines by
the National Institutes of Health (Bethesda, MD, USA) for the care and
use of laboratory animals as well as in accordance with the EU legisla-
tion (EU directive 2010/63/EU) and reported according to the ARRIVE
guidelines. Humane endpoints were used. The study protocol was
approved by the Ethical Committee for Animal Testing (ECD #2018-82)
at the University of Antwerp (Belgium). Male and female heterozygous
(HET) LacQ140 mice (Marchionini et al., 2022) with a mean + standard
deviation CAG size of 165 + 8 and wild-type (WT) littermates were
group housed (uniform sex, genotype, treatment) or single housed (for
imaging studies) with environmental cage enrichment (play tunnels,
plastic bones, Enviro-dri, and Bed-o’cobs) and fed ad libitum. To main-
tain normal mHtt expression levels during embryonic development, the
lactose analog isopropyl p-D-1-thiogalactopyranoside (IPTG) was added
to chow (2.5 mg/g) or water (10 mM) to derepress the LacQ140 allele
and administered to pregnant dams beginning at E5, with the resultant
offspring maintained on this schedule post-weaning. In cohorts where
mHtt was repressed, IPTG was withdrawn at either 2 or 6 months of age.
As a control for IPTG effects, WT mice received IPTG for the duration of
the experiment; an additional 2 groups of WT mice did not receive IPTG
and were sacrificed at 6 and 12 months of age. All experimenters were
blinded until completion of analyses. Mice were either euthanized by
live decapitation or perfused with 4 % paraformaldehyde for tissue
fixation after anesthesia with isoflurane (5 % for induction). Before
perfusion, the loss of toe pinch reflex was assessed to ensure that the
correct level of anesthesia was achieved. Groups of mice were used for
PET imaging, autoradiography (ARG) and MSD (n = 24-27/group),
Proteomics and qPCR (n = 10/group) and immunohistochemistry (IHC;
n = 6-8).

2.2. Radioligand synthesis

2.2.1. [MICJCHDI-180R — mHTT aggregate detection

The radioligand was prepared using an automated synthesis module
(Carbonsynthon I, Comecer, The Netherlands) as previously described
(Bertoglio et al., 2022a). ['!C]CHDI-180R was prepared via single-step
carbon-11 labeling starting with 0.5 mg of precursor in 0.5 ml of
dimethylformamide, which was reacted with [11C]Mel, in the presence
of CsyCO3 (2.5-3 mg) for 3.5 min at room temperature. The radio-
chemical purity was greater than 99 % as determined using a Kinetex
EVO C18, 5 pm, 150 x 4.6 mm (Phenomenex) HPLC column, with
acetonitrile/0.05 M sodium acetate pH 5.5 (30/70 V/V) as mobile

Neurobiology of Disease 209 (2025) 106906
phase, at a flow of 1.5 ml/min, with UV absorbance set at 280 nm.

2.2.2. ['FIMNI-659 — PDE10A detection

Radioligand was prepared by adapting our previously described
procedure (Bertoglio et al., 2018) to the automated AllinOne synthesis
module (Trasis) using a cassette system built in-house (Bertoglio et al.,
2022a). Synthesis of [\®F]MNI-659 was accomplished by reacting dried
[*8F]fluoride with the MNI-659 tosylate precursor (7 mg) in dimethyl
sulfoxide (DMSO) (1 ml) for 10 min at 90 °C. Final radiochemical purity
was >99 %, as determined using a Waters Xbridge C18 5 pm 4.6 mm x
150 mm column (Waters) with acetonitrile/0.05 M sodium acetate pH
5.5 (55/45 V/V) as mobile phase, at a flow of 1 ml/min, with UV
absorbance set at 230 nm.

2.3. PET imaging

2.3.1. Image acquisition

Dynamic microPET/Computed tomography (CT) images were ac-
quired using two virtually identical Siemens Inveon PET/CT scanners
(Siemens Preclinical Solution) as previously described (Bertoglio et al.,
2018; Bertoglio et al., 2022a; Bertoglio et al., 2022b). Animals were
anesthetized using isoflurane (induction 5 %, maintenance 1.5 %) in
medical oxygen and catheterized in the tail vein for intravenous (i.v.)
bolus injection of the tracer. Animals were placed on the scanner bed
with the full body in the PET scanner’s field of view (FOV) to allow the
extraction of the image-derived input function (IDIF) from the left
ventricle as previously described (Bertoglio et al., 2022b). Information
regarding molar activity injected radioactivity, injected mass, body
weight, and age on scan day for each radioligand at different time points
and studies are reported in Supplementary Tables 1-2. Radioligands
were injected with activity as high as possible to obtain good image
quality and to keep the cold mass as low as possible in order not to
violate tracer conditions. In all experimental paradigms, we were below
the critical limit and set our target at 1.5 pg/kg for [''C]JCHDI-180R and
1.25 pg/kg for [®FIMNI-659. PET data were acquired in list mode
format. Dynamic scans lasted 60 min for both [*'CICHDI-180R and ['®F]
MNI-659. PET scans were followed by a 10 min 80 kV/500 pA CT scan
on the same gantry for attenuation correction and co-registration pur-
poses. Acquired PET data were reconstructed into 33 frames of
increasing length (12x10s, 3x20s, 3x30s, 3x60s, 3x150s, and 9x300s)
using a list-mode iterative reconstruction with proprietary spatially
variant resolution modeling in 8 iterations and 16 subsets of the 3D
ordered subset expectation maximization (OSEM 3D) algorithm
(Miranda et al., 2020). Normalization, dead time, and CT-based atten-
uation corrections were applied. PET image frames were reconstructed
on a 128x128x159 grid with 0.776 x 0.776 x 0.796 mm° voxels. Mice
that displayed extravasation or movement artifacts during acquisition
were excluded from analysis.

2.3.2. Image processing

Image analysis was performed with PMOD 3.6 software (Pmod
Technologies) applying an MR-based pipeline adapting the previously
described procedure. (Bertoglio et al., 2018; Bertoglio et al., 2022a) The
spatial transformations were applied to the dynamic PET images and
assessed for accuracy following spatial transformation. Voxels of interest
(VOIs) were manually adapted from the Waxholm atlas (Johnson et al.,
2010) to match each genotype and age-specific generated MR template
(Supplementary methods). Time-activity curve (TAC) for the striatum,
motor cortex, hippocampus, thalamus, and cerebellum were extracted
for quantification.

2.3.3. Kinetic modeling

Absolute quantification for [''CICHDI-180R was performed to
calculate the total volume of distribution based on image-derived input
function (Vr (pir)) as a non-invasive surrogate of the Vy. Kinetic
modeling fitted regional TACs using the Logan model (Logan et al.,
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1990) and the IDIF with the start of the linear regression (t*) calculated
according to the maximum error criterion of 10 % as previously
described (Bertoglio et al., 2022b). Since only negligible metabolism of
['1C]CHDI-180R was observed in different genotypes and ages (parent
compound >95 %), no correction for radiometabolites was applied.
Parametric Vr qprr) maps were generated through voxel-based graphical
analysis (Logan) (Logan et al., 1990) using the IDIF as input function,
and were then cropped using the brain mask of the MRI template, rep-
resented as group averages, and overlaid onto a 3D mouse brain tem-
plate for anatomical reference.

For the quantification of [18F]MNI-659 the non-displaceable binding
potential (BPyp) was determined by fitting the regional TACs using the
simplified reference tissue modeling (SRTM) (Gunn et al., 1997). The
striatum was selected as the receptor-rich region and the cerebellum was
the receptor-free region (reference region) (Bertoglio et al., 2018; Ber-
toglio et al., 2021). Parametric BPyp maps were generated using SRTM2
(Wu and Carson, 2002) with the k5’ as calculated with SRTM (Gunn
et al., 1997). The individual images were smoothed with an isotropic
gaussian filter (0.5 mm in full width at half maximum), cropped using
the brain mask of the MRI template, represented as group averages, and
overlaid onto each condition- and age-specific 3D brain template for
anatomical reference. The estimated mHTT lowering effect was calcu-
lated as the difference between LacQ140 mice subjected to mHtt
lowering (either as of 2 or 6 months) and LacQ140 mice without
lowering and normalized to the total phenotypic difference, estimated as
the delta between LacQ140 and WT mice. Thus, the mHTT lowering
response of each molecular target was estimated as follows:

LaCQ140(2M or 6M) — LaCQ140*

100
LacQ140 — WT

mHTT lowering response (%) =

2.4. Immunostaining

After perfusion, brains were removed and cryopreserved in 30 %
sucrose, embedded in OCT and stored at —80 °C. Inmunohistochemistry
was performed as previously described (Zeitler et al., 2019). Primary
antibodies included the following: monoclonal mouse anti-mHtt PHP2
(1:3000, HD Community Biorepository at the Coriell Institute for Med-
ical Research (Ko et al.,, 2018)), and polyclonal chicken anti-NeuN
(1:1000, MilliporeSigma, ABN91P). An antigen retrieval step was car-
ried out for 30 min at 80 °C in citrate buffer (0.01 M Na-citrate buffer,
pH 6.0). Secondary antibodies included the following: anti-mouse IgG
(1:1000, HRP-conjugated, Abcam, ab205719) and anti—chicken IgY (H
+ L) (1:1000, CF-647, Sigma-Aldrich, SAB4600179). PHP2 signal was
amplified using Biotinyl-Tyramide (TSA kit, Akoya, SAT700001EA,
1:100 in 0.003 % H05/0.1 M Borate Buffer, pH 8.5) and with strepta-
vidin conjugated with DyLight Alexa-Fluor 488 (1:500 in 0.1 % Triton/
Tris buffered solution; Thermo Fisher Scientific, S32354). Sections were
mounted using aqueous mounting medium (AntiFade Fluorescence
Mounting Medium, Abcam, ab104135) in 12-well glass-bottom plates
(CellVis, P12-1.5H-N) suitable for imaging with the Opera Phenix High
Content Screening system (PerkinElmer Inc.).

Automated image acquisition was conducted using the Opera Phenix
High Content Screening system and Harmony software v.4.9 (Perki-
nElmer Inc.) using a x 40/1.1 numerical aperture water immersion
objective (resulting xy-resolution of 0.29 x 0.29 pm per pixel) for im-
aging of mHTT inclusions. Image analysis scripts for characterization
and quantification of mHTT inclusions were developed in Acapella
Studio v.5.1 (PerkinElmer Inc.). Individual cells within tissue sections
were identified using the DAPI signal and a general nuclei detection
script based on the Acapella “nuclei detection B" algorithm. Specifically,
the algorithm was defined to exclude objects with an area smaller than
200 pixels. Neurons were identified based on NeuN signal intensity.
Cells with a nuclear NeuN-intensity of at least 2x background were
defined as neurons. The analysis of mHTT inclusions was performed
based on the PHP2 signal intensity. First, a texture image was calculated
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using the SER Spot Texture Filter of Acapella v.5.1 at a scale of 3 pixels.
Spots were initially segmented as objects with a texture signal above 0.2.
Objects smaller than 5 pixels (0.42 pm?) or with an intensity lower than
2 times that of the mean intensity of the unfiltered image were excluded
from the analysis. The mean spot intensity had to be 2-fold higher
compared with the local surrounding (4 px wide ring around each spot).
PHP2 spots per NeuN+ neuron in the striatum were quantified. The
striatum was manually outlined in labelme software (version 4.5.5) on
adjacent sagittal sections starting at 1.725 mm lateral to the midline.
The resulting outline was then imported into Acapella for region specific
analysis. Image data from 3 sections were averaged per animal, and 6-8
animals per treatment group were used for statistical evaluation. Nu-
clear and extranuclear spots were identified based on localization or
exclusion respectively to the DAPI nuclear stain. Spot sizes were
measured as single spot-data and for further analysis of the distribution
the data was summarized in bins of 0.5 pm?.

2.5. Proteomics

Striata were weighed and homogenized in 10 pl/mg Syn-PER Re-
agent (#87793 ThermoScientific, 1x Roche Protease Inhibitor) with
micropestles on ice. Debris was cleared by centrifugation (1200 xg, 10
min, 4 °C) and the homogenate was collected from the supernatant.
Homogenate was lysed in SDC buffer (1 % Sodium deoxycholate, 10 mM
Tris (2-carboxyethyl) phosphine hydrochloride, 40 mM 2-Chloroaceta-
mide, 75 mM Tris pH 8.5). Protein concentration was determined by
BCA assay. 80 pg from each sample was proteolytically digested by
Trypsin/LysC. Peptides were desalted using Strata-X-C cartridges (Phe-
nomenex) and lyophilized. Samples were analyzed by liquid-
chromatography tandem mass-spectrometry (LC-MS/MS) on a Thermo
Orbitrap Exploris mass spectrometer equipped with an Easy nL.C-1000
UPLC system (Thermo Fischer Scientific). Samples were loaded with
an auto sampler onto a 40 cm fused silica emitter (New Objective)
packed in-house with reversed phase material (Reprusil-Pur C18-AQ,
1.9 pm, Dr. Maisch GmbH) at a maximum pressure of 950 bar. The
bound peptides were eluted over a 125 min gradient and sprayed
directly into the mass spectrometer using a nanoelectrospray ion source
(ProxeonBiosystems). The mass spectrometer was operated in data-
independent acquisition mode (DIA) for single-shot analysis.

Raw files were processed with the DIA-NN software suite (Demichev
et al., 2020) version 1.7.12 for peptide and protein identification and
quantification using a curated Uniprot database (Swissprot and varsplic
including proteins isoforms, version 2020_03). The false discovery rate
(FDR) for protein identification was set to 1 %. All peptides were
required to have a minimum peptide length of 8 amino acids and a
maximum of two missed cleavages. The inference of protein groups from
Dia-NN output was performed using a custom algorithm based on Nes-
vizhskii and Aebersold (Nesvizhskii and Aebersold, 2005).

The intensities were normalized and converted to protein group logs
intensities including protein groups with minimum two detected pre-
cursors. Principal component analysis (PCA) plots were used to identify
and remove outlier samples. Proteins were filtered out if they were
identified by fewer than 3 peptides or had measured values in fewer than
2/3 of the replicates. Differential expression tests were performed using
the R packages Limma and Bioconductor (Biobase) and required a fold
change of 1.2 between groups and an FDR adjusted p-value of 0.1.
Outlier samples were detected using PCA plots and heatmaps and were
removed from the analyses.

Proteins identified to be significantly dysregulated in LacQ140,
compared to WT, at 6, 9 and 12 months of age defined the LacQ140
disease signature. To examine the extent that mHtt lowering could
prevent the LacQ140 disease signature, a phenotype reversal analysis
was performed using the Posterior probabilities method (Marchionini
et al., 2022). The following categories and boundaries for reversal
classification were applied:

super.reversal (S) = -Infinity to —1.3.
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full.reversal (F) = —1.3 to —0.7.

partial.reversal (P) = —0.7 to —0.2.

negligible.reversal (N) = —0.2 to 0.2.

exacerbation (E) = 0.2 to Infinity.

Proteins that were dysregulated at 6, 9 and 12 months of age were
further used for enrichment analysis. A union list of 710 unique proteins
dysregulated at 6, 9, and 12 months was derived as the “HD union”
protein list. This list of proteins was tested for gene set over-
representation against the GOBP gene set collection using the enricher
function within the R clusterProfiler package (Ashburner et al., 2000; Yu
et al., 2012). Gene sets with a clusterProfiler ¢ < 0.05 were deemed
significant. The HD union proteins within each gene set were then
scored for normalization based on their overall reversal probabilities as
determined above using the posterior probability method. In this way,
the percentage of HD union proteins present in each gene set was
determined.

2.6. Autoradiography

Brains were dissected and snap frozen in 2-methylbutane and stored
at —80 °C. In vitro autoradiography studies were performed on the same
animals as the in vivo PET studies (upon sacrifice), using ’H] CHDI-180,
[3H]T-773, [3H]SCH2339O, and [3H]Raclopride as previously reported
(Bertoglio et al., 2022a). Ten um-thick sections were prepared on a cryostat
and slides were equilibrated by immersion into assay buffer (50 mM Tris-
HCI pH 7.4; 120 mM NaCl; 5 mM KCI; 2 mM CaCly; 1 mM MgCly) for 20
min at room temperature. [3H]T—773 (MA = 79 Ci/mmol), [3H]
SCH23390 (MA = 81 Ci/mmol), and ’H] Raclopride (MA = 76 Ci/
mmol) were prepared by Novandi Chemistry AB, whereas [*H]CHDI-
180 was prepared by Pharmaron (MA = 84 Ci/mmol). Slides and com-
mercial tritium activity standards (American Radiolabeled Chemicals,
ART 0123C, and ART 0123B) were exposed on Tritium Phosphor Screen
(GE Healthcare, Fuji BAS-TR 2025 E) for 24 h ([*H]IT-773), 90 h ([*H]
SCH23390 and [3H]Raclopride), or 120 h ([*H]CHDI-180). Stored ra-
diation energy on the screen was scanned using a Phosphorimager (GE
Healthcare, Typhoon FLA 7000). Densitometric data analysis of radio-
ligand binding was performed using ImageJ (National Institute of
Health, USA). Quantification was performed by converting the mean
grey values into binding density (fmol/mg) calculated from standard
curves using commercial microscale tritium standards (American Radi-
olabeled Chemicals).

2.7. Statistical analysis

Statistical analysis was performed in GraphPad Prism v9.1 (Graph-
Pad Software). Data are expressed as the mean + standard deviation (s.
d.) or standard error of the mean (SEM). To choose the appropriate
statistical test, data were checked for normality using the Shapiro-Wilk
test. If the normality test was not passed, non-parametric statistical tests
were used. Imaging, histological, and autoradiography data were
analyzed using a one-way ANOVA with Tukey’s multiple comparison
test. Correlation coefficients were calculated with Pearson’s correlation
analysis. Statistical significance was set at p < 0.05, with the following
standard abbreviations used to reference P values: ns, not significant; *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Detailed statistical
information for each experiment is provided in the corresponding figure
legends. Summary of sex and n for histology and proteomics can be
found in Supplementary Table 3.

3. Results

3.1. ~50 % mHtt lowering delayed the accumulation of mHTT
aggregation

The LacQ140 mouse model was generated by crossing the LacQ140
to TgACTB'l“c”S"b (Cronin et al., 2001; Marchionini et al., 2022). The
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default state of the LacQ140 mouse is whole-body repression of mHtt
due to Lac repressor binding to the Lac operators. Administration of
IPTG disrupts binding between the Lac repressor and operators, result-
ing in a derepressed state and maximal expression of mHtt (Fig. 1A). As
reported previously (Marchionini et al., 2022), mHtt mRNA and protein
expression levels were approximately 50 % lowered in the absence of
IPTG (Supplementary Fig. 1). IPTG administration was started at E5 and
maintained for the duration of the experiment or removed at 2 or 6
months-of-age to induce early or late mHtt lowering (Fig. 1B).

We longitudinally tracked the accumulation of mHTT in vivo using
['1C]CHDI-180R microPET imaging in LacQ140 and WT mice from 3 to
12 months of age (Fig. 2 and Supplementary Table 4). We observed a
temporal accumulation in [*'C]CHDI-180R PET Vrapip) in the striatum
of the LacQ140 compared to WT which was statistically significant as
early as 3 months of age (p < 0.001; Fig. 2B,C). Both early and late mHtt
lowering significantly reduced the mHTT aggregated species detected by
PET [''C]CHDI-180R imaging (Fig. 2B-C). In line with the immuno-
staining (Fig. 3), the early mHtt lowering animals displayed a statisti-
cally significant reduction in mHTT aggregates when compared to the
late lowering group at 12 months of age in the striatum (p < 0.0001;
Fig. 2B-C) as well as other investigated brain structures (Supplementary
Fig. 2). At 12 months of age, we estimated 75.0 % and 52.8 % striatal
mHTT aggregate lowering via microPET in early and late mHtt lowering
groups, respectively. Moreover, autoradiography with radiolabeled [>H]
CHDI-180 from striatal samples from the same mice at 12 months of age
was in agreement with the in vivo microPET imaging, with early and late

A _,...@.... Repression

B ARG
PET  PET PET PET

E5 2£n 3{n 61n 911'1 10{n 1%m

PRO PRO PRO PRO

IHC IHC IHC

E5 2m 3m 6m 9m 10m 12m
Lacaraoeu) | T M
tacar4ocev) (LI I R N

vt

Il mHit derepression (IPTG)
lmHitt repression (no IPTG)

Fig. 1. Schematic overview of LacQ140 allele and overview of experimental
timelines. (A) Schematic of the TgACTB'l“CI*S"I’ transgene and the Het"®#0
allele. The default state of the HittdQ140/+; TgACTBlacl'Serb/+ mhyse is global
repression of mHtt due to Lac repressor binding to the Lac operators. (B)
Overview of timeline of experimental paradigm. Proteomics (PRO), positron
emission tomography (PET), autoradiography (ARG).
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Fig. 2. Invivo imaging of reduced mHTT aggregates over time. (A) Mean [*'C]CHDI-180R Vy apip) parametric PET images in the coronal plane of WT, LacQ140(2M),
LacQ140(6M) and LacQ140 at 3, 6, 10, and 12 months of age. (B) ®WT, m LacQ140, m LacQ140(2M), m LacQ140(6M). Quantification of striatal [''C]JCHDI-180R V¢
apip)- One-way ANOVA at each time point. 3 m: F(2,34) = 6.8, p = 0.0032, 6 m: F(2,64) = 23.2, p < 0.0001, 10 m: F(3,88) = 135.1, p < 0.0001, and 12 m: F(3,81) =
125.4, p < 0.0001; n = 20-27 mice/ group. (C) Temporal profile of the striatal [*!C]CHDI-180R V1 apip- (D) Specific autoradiographic binding of [*H]CHDI-180 in

the striatum at 12 months of age. One-way ANOVA, F(3,53) = 137.3, p < 0.0001 (n = 11-17 mice/group). *p < 0.05, ***p < 0.001,

as mean =+ SD.

mHtt lowering resulting in 73.8 % and 51.4 % striatal mHTT aggregate
reduction, respectively (Fig. 2D).

To obtain a better understanding of the mHTT species present
following mHtt lowering, we characterized the mHTT aggregation pro-
file at different ages with immunohistochemistry. Diffuse and IB nuclear
PHP2 immunostaining was observed in the striatum of LacQ140 by 6
months of age; by 9 months of age there was additional emergence of
extranuclear IBs; and by 12 months of age, there was robust accumu-
lation of nuclear and extranuclear IBs, as well as a loss of diffuse nuclear
immunoreactivity (Fig. 3A-C). Early mHtt lowering significantly delayed
the accumulation of nuclear and extranuclear IBs at all ages examined;
the impact on extranuclear IBs was profound (Fig. 3E-G, I-J). Mice with
late mHtt lowering did not exhibit a significant reduction in nuclear IBs;

*p < 0.0001. Data are shown

however, extranuclear IB formation was delayed (Fig. 3H, I-J). In the
striatum of the LacQ140, nuclear IBs increased in size with age, while
extranuclear IBs, once formed, minimally increased in size. Early mHtt
lowering delayed growth of IBs in the nucleus but had negligible impact
on extranuclear IBs towards a larger size. Late mHtt lowering had limited
impact on nuclear or extranuclear IB size (Fig. 3K-L).

3.2. Early mHtt lowering delays synaptic proteomic dysfunctions

A signature of dysregulated striatal proteins was identified by pro-
teomic analysis in the LacQ140. First, we compared striatum from WT,
with and without IPTG at 6 and 12 months of age, to determine if
consumption of IPTG resulted in proteomic changes. We did not identify
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Fig. 3. mHtt lowering leads to long-term striatal reduction in mHTT protein. (A-C) Representative PHP2 immunolabeling of the LacQ140 striatum at 6, 9 and 12
months of age; (D) PHP2 in the striatum of 12 months old WT; (E-G) PHP2 in the early mHtt lowering [LacQ140(2M)] striatum at 6, 9 and 12 months of age. (H)
PHP2 in the late mHtt lowering [LacQ140(6M)] striatum at 12 months of age. Scale bar: 50 pm. (A’-H') insets with NeuN (red), PHP2 (green), and DAPI (blue) co-
labeling; Scale bar: 25 pm. The arrow points to a nuclear IB and the arrowhead highlights an extranuclear IB. (I) Nuclear and (J) extranuclear quantitation of PHP2
spot density per neuron at 2, 6, 9 and 12 months of age. m WT, m LacQ140, m LacQ140(2M),m LacQ140(6M). One-way ANOVA F(7,53) = 293.7, p < 0.0001 (nuclear)
and F(7,53) = 185.6, p < 0.0001 (extranuclear), followed by Tukey’s multiple comparisons. ***p < 0.001, ****p < 0.0001, (n = 6-8 mice/ group); data are shown as
mean + SEM. WT group was not included in statistical analysis. (K) Nuclear distribution of PHP2 spots per bin size in the striatum of LacQ140 at 6, 9 and 12 months
of age. (L) Extranuclear distribution of PHP2 spots per bin size in the striatum of LacQ140 at 6, 9 and 12 months of age. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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any proteins that were significantly different (Supplementary Table 5).
Next, we compared proteins that were differentially expressed in the
LacQ140 versus WT + IPTG striatum at 2, 6, 9 and 12 months of age
(Supplementary Table 5). The only proteins that were different at 2
months of age were HTT and Huntingtin associated protein 40 (HAP40/
F8al). At 6, 9 and 12 months of age there were 238, 426, and 489
differentially expressed proteins, respectively, in the LacQ140 striatum
compared to WT (FDR adjusted p < 0.1 and a fold change of at least 1.2-
fold in either direction; Supplementary Table 5). All dysregulated pro-
teins were analyzed for gene sets over-representation analysis (GSORA)
pathway enrichment, revealing nodes of dysregulation of proteins
collectively involved in cellular ion homeostasis, G-protein coupled re-
ceptor signaling pathways, and proteins involved in synaptic plasticity
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and the consolidation of learning and memory processes in the striatum
of the LacQ140 mouse model (Fig. 4A).

To determine the probability that mHtt lowering attenuated
LacQ140 proteomic dysregulation on a protein-by-protein basis, we
employed the posterior probability-based method (Marchionini et al.,
2022) to assign a reversal probability for each protein under the mHtt
lowering scenarios. Early mHtt lowering persistently partially preserved
the proteome over time, with the number of dysregulated LacQ140
striatal proteins strongly attenuated (by 42 % at 6 months; 47 % at 9
months and 50 % at 12 months). In contrast, late mHtt lowering had
negligible impact on the proteomic disease signature, showing an 8 %
and 4 % attenuation in the number of dysregulated striatal proteins at 9
and 12 months of age, respectively (Fig. 4B, Supplementary Table 6). We
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Fig. 4. Proteomic dysregulation is delayed with early but not late mHtt lowering. (A) Dysregulated proteins in LacQ140, compared to WT, were identified at 6, 9 and
12 months of age (n = 9-10/group). Pathway enrichment revealed the top dysregulated pathways in the striatum of the LacQ140. (B) Using posterior probabilities,
we identified the percentage of dysregulated proteins that were reversed with early or late mHtt lowering at 6, 9 or 12 months of age. Early mHtt lowering fully or
partially reversed proteomic dysregulation in 101, 199 and 243 proteins at 6, 9 and 12 months of age. Reversal is presented as a percentage and as the number of
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further examined the probability of reversal after mHtt lowering across
our top dysregulated pathways found in the striatum of the LacQ140.
Early mHtt lowering led to robust preservation of proteins across all the
top dysregulated biological pathways, with diminished benefits over
time. Late mHtt did not reverse any of our most dysregulated pathways
(0 %, not shown; Fig. 4C).

We further identified a 134-protein LacQ140 signature of striatal
proteins that were persistently dysregulated at 6, 9, and 12 months of
age (Fig. 4D, Supplementary Table 7). We identified 26 proteins that
were responsive to mHtt lowering at all three ages (Table 1, Supple-
mentary Table 7). Examination of specific examples of commonly dys-
regulated proteins in HD showed that early mHtt lowering had a
significant probability of preserving proteins including PDE10A, dopa-
mine receptor D1 (DRD1), phosphodiesterase 1B (PDE1B), and
angiotensin-converting enzyme (ACE) for, at least, up to 12 months of
age (Fig. 5).

3.3. PDE10A is a responsive biomarker to mHtt lowering

Exploiting the outcome of the proteomics analysis, we selected
PDE10A as a candidate protein to track the temporal effect of mHit
lowering in LacQ140 mice. PDE10A levels were unchanged in the
striatum of LacQ140 at 2 months of age, as measured by proteomics
(Fig. 5), suggesting our early mHtt lowering timepoint occurred prior to
PDE10A dysregulation. Based on the proteomic analysis, early mHtt
lowering partially maintained PDE10A protein levels in the striatum out
to 12 months of age, while late mHtt lowering did not improve PDE10A
levels (Fig. 5). PDE10A microPET imaging with [8F]MNI-659 revealed
that PDE10A was significantly reduced in the striatum of the LacQ140 as
early as 3 months of age (Fig. 6A-C and Supplementary Table 5). Early
mHtt lowering resulted in a significant preservation of PDE10A levels at
3 and 6 months of age but was diminished by 10 months of age. Addi-
tionally, late mHtt lowering was unable to rescue PDE10A levels
measured at 10 and 12 months of age (Fig. 6A-C). Specific binding of
[*HIT-773 autoradiography demonstrated that early mHtt lowering
partially maintained PDE10A signal in the striatum out to 12 months of
age (Fig. 6D).

3.4. The dopamine system is partially responsive to mHtt lowering

Another component of HD pathogenesis is the loss of dopaminergic
D1 and D2 receptors, involved in direct and indirect dopamine path-
ways, respectively (Reiner and Deng, 2018). D1 dopamine receptors
were significantly reduced in the striatum of the LacQ140 by 6 months of
age, compared to WT, as measured by proteomics (Fig. 5). Early mHtt
lowering partially preserved DRD1 protein expression at 6, 9 and 12
months of age (Fig. 5). We were unable to detect sufficient peptides for
dopamine D2 receptor (DRD2) protein, therefore no conclusions on
DRD2 expression or preservation could be made with proteomics. Thus,
we further performed autoradiography using [H]SCH23390 (D; re-
ceptors) and [3H] Raclopride (Dy/3 receptors) in the striatum of 12
months old LacQ140 mice; this confirmed both D; and Dy/3 receptors
were reduced in the striatum of LacQ140 mice, compared to WT litter-
mates. Following early mHtt lowering D1, but not Dy/3, receptors were
partially preserved. On the contrary, late mHtt lowering was unable to
reverse the D; nor Dy,/3 receptor loss (Fig. 7).

Table 1

Proteins that are persistently preserved with early mHtt lowering. Within our
134-protein LacQ140 signature, we identified 26 proteins that were partially
preserved after early mHtt lowering at all ages examined. N = 9-10/group
(mixed males, females).

Ace Camk4 Drdl Ngef Ppplrlb Rgs9 Sipall3
Adcy5 Camkk2 Ephx1 PdelOa Ppp2r2a Rps6ka4 Tesc
Arppl19 Coch Impdh1 Pdelb Raplgap Scn4b

Arpp21 Cyld Inf2 Ppplrla Rasd2 Sfn
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4. Discussion

There is a need for translational biomarkers that are responsive to
HTT-lowering therapeutics, many of which have either entered clinical
trials or will do so imminently. Here, we have demonstrated that
aggregated mHTT protein levels were robustly responsive to mHtt
lowering. Using an unbiased global proteomic approach, we further
identified proteins that were persistently dysregulated in the LacQ140
mouse model. By analysis of the ‘reversable dysregulated proteome’ we
identified a core set of 26 dysregulated striatal proteins across all ages
evaluated, whose expression levels were persistently improved with
early mHtt lowering. Of these, PDE10A and D;R are immediately
amenable to PET approaches (Antonini et al., 1998; Fazio et al., 2020;
Turjanski et al., 1995; Weeks et al., 1996), and we propose these as long-
term candidate responsive biomarkers for HTT-lowering strategies.

Our previous work indicates that the [*'CICHDI-180R PET ligand
binds to extranuclear aggregated mHTT (Bertoglio et al., 2022a; Liu
et al., 2020), which is in agreement with observations in the current
study, suggesting those proteoforms of mHTT are very amenable to mHtt
lowering strategies. mHTT oligomers/fibrils/IBs, as detected by PHP2
THC, [*H]CHDI-180 ARG and [''C]CHDI-180R microPET imaging, were
responsive to mHtt lowering. Early mHtt lowering resulted in a delay in
accumulation of nuclear and extranuclear mHTT IB number and size.
While late mHtt lowering had no effect on the number of PHP2+ nuclear
IBs, it resulted in a robust reduction in the number of extranuclear IBs. It
is possible that progression of extranuclear IB formation is a late
phenotype in the LacQ140 model, and our late mHtt lowering at 6
months of age is still early enough to delay the formation. Studies in
postmortem HD brains show that there are more mHTT inclusions in the
cytoplasm and dystrophic neurites than in the nucleus (DiFiglia et al.,
1997; Gutekunst et al., 1999; Hickman et al., 2022; Maat-Schieman
et al., 1999), suggesting this could be a relevant mHTT species to target.
Furthermore, studies using HD mouse models suggest that extranuclear
IBs correlate with behavioral deficits (Landles et al., 2020).

Proteomic and gene ontology biological pathway enrichment anal-
ysis on the striatum of the LacQ140 model at 6, 9 and 12 months of age
revealed dysregulation in pathways associated with cellular calcium and
ion homeostasis, G-protein signaling, and synaptic plasticity. In our
analysis, we focused on reversal of this dysregulation after mHtt
lowering and observed that early mHtt lowering resulted in robust
prevention of these dysregulated pathways at 6 months of age. While
there was a trend for the effects to diminish by 9 months of age, most of
the pathways were still partially preserved over time. Transcriptomic
and proteomic changes are not always congruent (de Sousa Abreu et al.,
2009) and our proteomic findings in this study contrasts with what we
previously observed in this model with transcriptional profiling, where
the benefits attenuated more dramatically over time (54 % at 6 months
of age to 27 % at 12 months of age versus 42 % and 50 % at 6 and 12
months of age, respectively, in this proteomics study) (Marchionini
et al., 2022). Consistent with that same transcriptional study, we found
no reversal of our top dysregulated biological pathways with late mHtt
lowering. These findings suggest that the probability of clinical benefit
of a given intervention with HTT-lowering therapeutics is higher when
applied at early HD stages (McColgan et al., 2023).

We identified a list of 26 proteins that were dysregulated in the
striatum of the LacQ140 model at 6, 9 and 12 months of age, and were
preserved at all ages with early mHtt lowering. Most of these 26 proteins
were also preserved out to 12 months of age with early mHtt lowering in
our transcriptomics study (Marchionini et al., 2022). PDE10A and DRD1
represent biomarkers we further investigated using different imaging
approaches since these are readily amenable to non-invasive PET im-
aging (Antonini et al., 1998; Fazio et al., 2020; Turjanski et al., 1995;
Weeks et al., 1996). ACE has been previously reported to be down-
regulated in a CAG-length-dependent manner (Aaronson et al., 2021)
and a PET imaging ligand was recently reported (Ren et al., 2023).
Protein phosphatase 1 regulatory inhibitor subunit 1 A (PPP1R1A),
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protein phosphatase 1 regulatory inhibitor subunit 1B (PPP1R1B),
stratifin (SFN), sodium channel -subunit 4 (SCN4B) and proenkephalin
(PENK) are detectable in CSF (Barschke et al., 2022; Caron et al., 2022;
Hsu et al., 2019) and these proteins will be explored as candidate wet
biomarkers in future studies.

PDE10A is highly expressed in medium spiny neurons (MSNs) and
regulates cAMP signaling (Nishi et al., 2008; Seeger et al., 2003). It has
been reported to be decreased very early in PwHD, and prior to onset of
clinical symptoms (Fazio et al., 2020; Matlik et al., 2024; Niccolini et al.,
2015), as well as in mouse models of HD (Bertoglio et al., 2018; Hebb
et al., 2004), where it is reduced in a CAG-length-dependent manner
(Aaronson et al., 2021). PDE10A also plays a role in integration of

dopamine signaling in D; and D, MSNs (Mota et al., 2021). An imbal-
ance in dopamine signaling is thought to occur in HD (Cepeda et al.,
2014; Schwab et al., 2015), and both D; and Dy mRNA and protein
expression is reduced in a CAG-length-dependent manner (Aaronson
etal., 2021). We determined that PDE10A was not yet dysregulated at 2
months of age, as measured by proteomics, which is the early mHtt
lowering initiation timepoint. The static readouts (proteomics and ARG)
revealed partial preservation of PDE10A out to 12 months of age. In vivo
PET imaging revealed a significant reduction in PDE10A by 3 months of
age in the striatum of the LacQ140 mice. Early mHtt lowering (initiated
at 2 months of age) resulted in partial preservation of PDE10A with
longitudinal PET imaging out to 6 months of age. Since HD mouse
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Fig. 6. PDE10A levels were transiently maintained after early mHtt lowering. (A) Mean [*®F]IMNI-659 BPyy, parametric maps in the coronal plane of WT, LacQ140,
LacQ140(2 M), and LacQ140(6M) at 3, 6, 10, and 12 months of age. (B) Quantification of striatal [\®F]MNI-659 BPyp. One-way ANOVA at each time point. 3 m: F
(2,73) = 12.3, p < 0.0001, 6 m: F(2,75) = 16.1, p < 0.0001, 10 m: F(3,96) = 38.8, p < 0.0001, and 12 m: F(3,90) = 26.3, p < 0.0001; n = 22-27 mice/ group. (C)
Temporal profile of the striatal [*8F]MNI-659 BPyp. (D) Specific autoradiographic binding of [®H]T-773 in the striatum at 12 months of age. One-way ANOVA, F
(3,47) = 195.1, p < 0.0001; n = 12-14 mice/group. *p < 0.05, **p < 0.01, ****p < 0.0001. Data are shown as mean + SD.

models do not exhibit neuronal loss (Rangel-Barajas and Rebec, 2018),
preservation or rescue of PDE10A in a setting with neuronal loss, as
observed in PWHD, may be difficult, particularly since the enzyme de-
clines very early in PwHD (Fazio et al., 2020; Niccolini et al., 2015).
Nonetheless, the rapid annual decline in PDE10A with PET imaging in
PwHD does support its utility as a biomarker for an interventional study
that may stabilize PDE10A (Fazio et al., 2020).

Dysregulation of dopamine signaling is prevalent in neurological
diseases and there are existing translational PET ligands binding to Dy
and D, receptors (Farde et al., 1987). Both D; and D5 receptors undergo
significant reduction with disease progression in PwHD (Ginovart et al.,
1997; Sedvall et al., 1994) as well as in animal models (Bertoglio et al.,

10

2021; Haggkvist et al., 2017). In the current study, DRD1 was reduced
by 6 months of age, but, following mHtt lowering, was preserved out to
12 months of age. This is consistent with our unbiased biological
pathway enrichment analysis of dysregulated proteins that revealed a
high percentage of preserved proteins in the dopamine receptor
signaling pathway across all ages examined. In contrast, the loss of DoR
was not even partially preserved in the LacQ140 mice with early or late
mHtt lowering. Future studies could examine whether in vivo microPET
imaging for D;R or Dy/3R could detect transient beneficial effects of the
mHtt lowering at earlier stages. However, it is also possible that a
greater degree of mHtt lowering is required to preserve Dy /3R long-term,
as was demonstrated with a zinc finger protein repressor strategy that
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Fig. 7. Evaluation of the dopamine system in the striatum of the LacQ140. (A)
Autoradiographic binding of [®HISCH23390 at 12 months of age. One-way
ANOVA, F(3,51) = 30.1, p < 0.0001. (B) autoradiographic binding of [?H]
Raclopride at 12 months of age. One-way ANOVA, F(3,50) = 15.6, p < 0.0001.
n = 12-15 mice/group. **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are
shown as mean + SD.

targets the expanded CAG repeat to reduce mHTT levels more robustly
(Zeitler et al., 2019).

Collectively, this study demonstrates the benefits of early mHtt
lowering intervention in the LacQ140 mouse model of HD. It is possible
that late mHtt lowering does not provide significant relief from pheno-
types due to cells already passing a critical CAG size threshold due to
somatic instability (Aldous et al., 2024; Handsaker et al., 2025; Scahill,
2025; Wang, 2025). Some of the most dysregulated proteomic pathways
involved dopamine signaling and synaptic function, and they were
readily preserved long-term with early mHtt lowering. mHTT, particu-
larly IBs found outside of the nucleus, were very responsive to lowering.
Considering that a reduction in PDE10A and D;R have been demon-
strated by imaging in PwHD (Fazio et al., 2020; Ginovart et al., 1997;
Niccolini et al., 2015; Sedvall et al., 1994), and this study shows that
they are responsive to mHtt lowering in the LacQ140 model, PDE10A
and D;R hold potential to serve as imaging biomarkers that are
responsive to mHTT lowering. Additionally, we propose SCN4B and ACE
as additional wet biomarker candidates. In summary, the ability to
measure temporal effects of therapeutic agents on several responsive
imaging biomarkers represents a critical tool to understand the biolog-
ical benefits of HTT lowering agents in development of approaching
clinical trials.
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Glossary/List of abbreviations

ACE angiotensin converting enzyme

ARG autoradiography

BPnp non-displaceable binding potential
CSF cerebrospinal fluid

CT computed tomography

DIA data-independent acquisition

DMSO dimethyl sulfoxide

DRD1 dopamine receptor D1

FDR false discovery rate

FOV field of view

GSORA gene sets over-representation analysis
HAP40/F8A1 Huntingtin associated protein 40

HD Huntington’s disease

HET heterozygous

1B inclusion body

IDIF image-derived input function

THC immunohistochemistry

IPTG isopropyl p-D-1-thiogalactopyranoside
iv. intravenous

LC-MS/MS liquid-chromatography tandem mass-spectrometry
mHTT mutant huntingtin protein

mHtt mutant huntingtin mRNA

MRI magnetic resonance imaging

MSN medium spiny neuron

NfL neurofilament light chain

OSEM ordered subset expectation maximization
PCA principal component analysis
PDE10A Phosphodiesterase 10a

PDE1B Phosphodiesterase 1b

PENK proenkephalin

PET positron emission tomography
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(continued)
PPP1R1A protein phosphatase 1 regulatory inhibitor subunit 1 A
PPP1R1B protein phosphatase 1 regulatory inhibitor subunit 1B
PwHD people with HD
SCN4B sodium channel p-subunit 4
s.d. standard deviation
SEM standard error of the mean
SFN stratifin
SRTM simplified reference tissue modeling
TACs time-activity curve
VoI voxels of interest
WT wildtype

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2025.106906.
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