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ABSTRACT

Huntingtons’s disease (HD) is devastating neurodegenerative disorder manifesting
by motor disturbances, cognitive decline and personal changes. The huge effort to find a cure
for HD has brought several promising therapeutic treatments on the scene. Each of the
prospective approaches needs to be investigated for safety, tolerability and efficacy.
Mouse and rat models were a lot helpful in examination of pathological mechanisms of HD,
but they are not sufficient for completion of pre-clinical testing.

Therefore, we aimed to generate transgenic HD minipig to overcome the gap between
rodents and humans. Minipig transgenic for the first 548 aminoacids of human mutant
huntingtin gene (TgHD) under the control of human HD promotor was manipulated
by lentiviral transduction of porcine one-cell stage embryos. Currently, six generations
of minipigs expressing single copy of N-truncated human mutant huntingtin protein (mtHtt)
with a repetition of 124 glutamines are at disposal.

The more the model simulates the disease symptoms the better it is for translational
research as the efficacy of the cure can be finer evaluated. Hence, the second aim was
to demonstrate HD-like phenotype in our model. Testicular degeneration that preceded
the clinical symptoms onset was observed as a consequence of expression of mtHitt.
Continuous age-dependent accumulation of mtHtt fragments was detected in TgHD brains.
Moreover, further age-related molecular alterations discriminative for HD brain were revealed
in TgHD brain tissues, including neuronal loss, activated microglia and demyelination.
Newly developed tests for examination of cognitive abilities and stress-induced behavior
showed decline in their performance. Furthermore, impaired gait and increased physical
activity were observed in TgHD minipigs. Manifestation of clinical symptoms at the age
of 6-7.9 years is a result of mild but ongoing brain degeneration.

Slow progression of the disease makes TgHD minipig a suitable model
for investigation of pre-clinical stage of the disease and long-term HD therapy research.
The methods and results obtained in this study will be used for longitudinal evaluation

of efficacy of the gene-lowering therapy for HD.



ABSTRAKT

Huntingtonova choroba (HCH) je devastujici neurodegenerativni onemocnéni,
projevujici se poruchami motorickych i kognitivnich funkci, a také osobnostnimi zménami.
Obrovské usili najit Iécbu této nemoci ptineslo na scénu nékolik slibnych 1é¢ebnych procedur.
Kazdy z perspektivnich terapeutickych pfistupii vSak musi byt prozkouman z hlediska
bezpecnosti, sndSenlivosti a uCinnosti. Mysi a potkani modely byly velmi uzite¢né
pii zkoumani patologickych mechanismit HCH, ale v pifedklinickém testovani nejsou
dostacujici.

Proto, aby se pteklenula biologicka vdzalenost mezi hlodavci a lidmi, zaméfili jsme se
na vytvoreni transgenniho miniaturniho prasete s HCH. Transgenni miniaturni prase kodujici
prvnich 548 aminokyselin lidského mutovaného huntingtinu (TgHD) pod kontrolou lidského
promotoru pro huntingtin vzniklo po lentivirové transdukci prasecich jednobunécénych
embryi. V soucasné dobé je k dispozici Sest generaci miniprasat exprimujicich jednu kopii
N-terminalni ¢asti lidského mutovaného proteinu huntingtin (mtHtt) s prodlouzenou repetici
124 glutamind.

Cim vice model simuluje pfiznaky nemoci, tim lepsi je pro translaéni vyzkum, protoze
ucinnost 1é¢by lze vyhodnotit pfesnéji. Druhym cilem proto bylo demonstrovat v nasem
modelu fenotyp HCH. V dusledku exprese mtHtt byla pozorovana testikularni degenerace,
ktera predchazela nastupu klinickych pfiznakdi. V mozcich transgennich zvifat byla
detekovana kontinualni akumulace fragmentd mtHtt zavisld na veéku. Kromé toho,
v mozkovych tkéanich transgennich prasat byly odhaleny dal§i molekularni zmény, které jsou
charakteristické pro mozek pacienti s HCH, vcetné ztraty neuronti, aktivované mikroglie
a demyelinizace. Nové vyvinuté testy pro zkoumani kognitivnich schopnosti a chovani
v stresovych situacich prokazaly pokles v jejich provedeni. Navic byla pozorovana porucha
chiize a zvySend fyzicka aktivita transgennich prasat. Projevovani klinickych ptiznakt
ve véku 6-7.9 let je vysledkem mirné, ale vékem postupujici degenerace mozku.

Diky pomalému rozvoji onemocnéni je TgHD miniprase vhodnym modelem
pro zkoumani preklinického stadia nemoci, a také pro dlouhodoby vyzkum zaméfeny
na nalezeni terapie pro HCH. Metody a vysledky ziskané v této studii budou pouzity
pro dlouhodobé experimenty hodnotici u¢innost genové terapie pro snizeni hladiny exprese

mutovaného huntingtinu.



ABBREVIATIONS

ABMI animal body mass index

ACBD3 Acyl-coenzyme A binding domain containing 3 protein
CAG cytosine - adenine - guanine

DARPP32 dopamine- and cAMP- regulated neuronal phosphoprotein
GFAP glial fibrillary acidic protein

HD Huntington’s disease

HD KI HD knock-in

HCH Huntingtonova choroba

HTT huntingtin gene

Htt endogenous huntingtin protein

Ibal ionized calcium-binding adapter molecule 1

mRNA messenger RNA

miRNA micro RNA

MRI magnetic resonance imaging

mtHTT mutant huntingtin gene

mtHtt mutant huntingtin protein

mtDNA mitochondrial DNA

PBMC peripheral blood mononuclear cells

PCR polymerase chain reaction

polyQ polyglutamine tract

qPCR quantitative polymerase chain reaction

Qs glutamines

SCNT somatic cell nuclear transfer

SDH succinate dehydrogenase

SDHA/SHDB succinate dehydrogenase A/ succinate dehydrogenase B
TgHD transgenic for N-truncated mutant human huntingtin gene
WB Western blot

WT wild-type

8-0x0-G 8-oxoguanine
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INTRODUCTION

Huntington’s disease (HD) is rare neurodegenerative disorder with a prevalence
of 3-10 affected persons per 100.000 individuals in Western Europe and North America [1],
[2]. This disorder is caused by the prolonged glutamine (polyQ) repetition in exon 1 of the
huntingtin gene (HTT) encoding mutant huntingtin protein (mtHtt) [3]. The polyQ repeat size
inversely correlates with the age of onset and severity of the disease [4].

Clinical symptoms manifested by personal changes together with motor and cognitive
decline are typically discerned between thirty and fifty years of age [5], [6]. HD patients
suffer from chorea, impaired gait, lack of balance coordination, and disturbed fine motor
skills like tongue persistence protrusion and phonatory dysfunction [7]-[11].
Among prominent cognitive symptoms belong impaired judgment, the inability to complete
a task, and also difficulty with tasks requiring flexibility or speed [12], [13]. The behavioral
disturbances include anxiety, and impulsive and aggressive behavior interchanging with
apathy [14]. In addition, disruption in circadian rhythm was demonstrated in HD gene carriers
[15].

Clinical symptoms are a consequence of progressive degeneration of the brain. Even if
the brain pathology is a result of harmful effect of mtHtt, reduction of endogenous huntingtin
protein (Htt) or combination of both, a hallmark of HD is a loss of medium-sized spiny
neurons [1] and formation of mtHtt aggregates tightly corresponding to the disease
progression [16]. Numerous studies indicated that aggregation is a successive process when
aggregates are assembled from N-terminal mtHtt fragments and mtHtt oligomers that trigger
cellular dysfunctions in affected tissues [17], [18]. N-terminal fragments of mtHtt accumulate
with the disease progression, and their abundance varies among tissues, which may be
consistent with cell susceptibility to HD [19]-[21]. Nuclear localization of mtHtt fragments is
connected to more severe manifestation of the disease [22]. In addition, white matter atrophy,
reduced myelination and activated microglia were observed in HD individuals [23], [24].
Various studies showed increased oxidative stress in HD [25], [26] that was suggested to
cause an inhibition of mitochondrial functions [27] since reduced activity of complexes 11, 111
and IV were detected in brains of HD patients [28], [29].

Even though HD is considered to be a disorder of the brain, the whole body is
affected. Severe cachexia manifesting by obvious skeletal muscle wasting and weight loss

was recognized in HD patients [30]—-[33]. Furthermore, testicular abnormalities, decrease
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in numbers of germ cells as well as abnormal morphology of seminiferous tubules were found
in HD men [34].

HD is inherited in an autosomal-dominant manner thus possessing a devastating
impact on several family generations since there is no cure available up to date. Huntingtin
protein plays a role in diverse cellular processes including transcription, RNA splicing,
vesicular trafficking, anti-apoptotic processes, endocytosis, and cellular homeostasis [35],
hence the complexity of the disease has made the HD treatment research very challenging.

Animal models constitute an important tools for appreciation of therapies
for neurodegenerative disorders. Unfortunately, a number of promising therapies with very
auspicious results in HD rodent models, failed to be beneficial in humans [22], [36]-[38].
Small brain size and differences in neuro-architecture to humans limit rodent models
for assessment of drug doses, design of the therapy, the same as for usage of medical
equipment applicable for human patients [39]. Therefore, large animal models heve been
generated with an expectation to provide better pre-clinical outcomes including safety,
tolerability, biodistribution, longitudinal investigation, and efficacy of novel therapeutic
approaches [40]. Among large animals, minipigs represent a good economical and ethical
choice [41]. Vigorous advantages of minipigs are their rather large brain that is similarly
structured as in humans, resemblance in body size, physiology, longevity of 15-20 years [42]
and not least a 96% homology between porcine and human huntingtin genes and proteins
[43].

Several different approaches can be used for transgenesis in large animal models.
Somatic cell nuclear transfer (SCNT) allowed the first genetic manipulations in large animals
[44]. However, efficacy of SCNT is very low. Therefore, transduction with lentiviral vectors
[45] was developed as an alternative to SCNT. Both approaches have their advantages and
disadvantages. The SCNT enables to transfer only genetically modified embryos into
a surrogate sow. On the other side, prenatal and neostnatal death is not such frequent when
lentiviral transduction is manipulated [46]. Recently, the CRISPR/Cas9 system has become
the most widespread approach for genetic modifications since it enables sequence-specific
targeting of genome and editting in the endogenous locuses. All of these approaches were
used for generation of HD large animal models with various impacts on created transgenic
animals and their progeny. SCNT was applied for generation of HD pigs [47], lentiviral
transgenesis was employed in generation of HD non-human primates [48], [49], HD sheep
[50] and HD minipigs [51], and lately CRISPR/Cas9 technique succeeded in generation
of HD knock-in (HD KI) pigs [52].
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This study introduces the generation of minipig transgenic for N-truncated part
of human mutant huntingtin (TgHD) achieved by lentiviral transduction. Next, manifestation
of HD-like phenotype is demonstrated in both pre-clinical and clinical stages of the disease.
Thus, TgHD minipig could serve as a useful model for testing of therapeutic treatments

for HD.
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AIMS

All of the potential therapeutic approaches for HD need to be tested for their safety,
tolerability and efficacy. TgHD minipig could bridge the gap between rodents and humans.

AIM 1) Generation of transgenic minipig with mutant human huntingtin gene
To confirm transgenesis, determine the transgene copy number and its localization
in porcine genome. To validate the number of glutamines in polyQ repetition.
To prove the expression of transgenic mtHtt protein in porcine brain and peripheral

tissues. To produce transgenic progeny.

However, the generation of transgenic animal does not mean that the disease model was
generated. The phenotype observed in transgenic animals needs to correlate with the disease

manifestation in patients.

AIM 2) Demonstration of both pre-clinical and clinical manifestation of the disease

in transgenic minipigs

Autosomally dominant inheritance of HD enabled the production of transgenic offspring.
However, considering the periods for reaching sexual maturity and gestation time, at least one
year is needed for achieving the next generation of the progeny. Taking into account
the number 4-6 piglets in the litter, an optimal strategy for phenotype monitoring needed to be
designed, in order some of the animals could be used for observation of brain pathologies and
simultaneously, some of the animals could reach the age when clinical symptoms of the

disease are demonstrable. Therefore, we decided to assess the disease using:

AIM 2A) invasive methods
To investigate formation of mtHtt aggregates. To confirm neuronal loss in brain.

To analyze brain pathologies caused by the expression of mtHtt.

AIM 2B) non-invasive methods
To identify potential biomarkers of the disease progression in peripheral tissues.
To develop a battery of tests for monitoring of behavioral, motor, and cognitive

changes. To evaluate behavior together with motor and cognitive performances.
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Paper I

A Transgenic Minipig Model of Huntington’s Disease

Baxa, M., Hruska-Plochan, M., Juhas, S., Vodicka, P., Paviok, A., Juhasova, J.,
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Howland, D.S., Cattaneo, E., DiFiglia, M., Marsala, M, and Motlik, J. (2013).

Journal of Huntington’s disease 2, 47—68.

IF: Journal of Huntington’s Disease was launched in June 2012

and thus did not have an IF
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Motivation of the study

All of the HD families crave for a cure that would not only help manage the symptoms
but also treat the disease itself. Hunting for potential therapies brought a question
of evaluation of their safety and efficacy since the results gained from rodent studies could not
be sufficiently translated to humans. There was no large animal model for HD in 2007 when
we have started with our study. Thus, we decided to generate transgenic minipig with human
mutated huntingtin. The main reasons were not only long lifespan, similar physiology
of minipigs to humans and large gyrencephalic porcine brain allowing detailed identification
of brain structures by imaging techniques, but also very large similarity between the porcine
and human huntingtin genes and proteins. The number of cytosine-adenine-guanine (CAG)
repeats in huntingtin gene varies from 6 to 37 triplets in unaffected individuals and from 37 to
180 repeats in mutated allele of HD patients. The longer is CAG tract the earlier is HD onset.
With the strategy to observe a clicical phenotype in minipig within estimated 2-4 years of age,

we decided to use a sequence of 145 glutamines (Qs) in human huntingtin gene.

Summary

Lentiviral vectors carrying the sequence of the first 548 amino acids of human
huntingtin gene including a tract of 145 glutamines under the control of human HD promoter
(HIV1-HD-5482aHTT-145Q) were created. Their transduction potential both with
the expression of the transgene were tested in porcine differentiated neural stem cells.
Next, embryos at pronuclear stage were microinjected with the vector constructs into the
perivitelline space, cultured into the blastocyst stage in vitro and then laparoscopically
transferred into the fallopian tubes of recipients sows. After standard duration of gravidity,
the first HIV1-HD-548aaHTT-145Q manipulated piglets were born. One gilt was transgenic
in alitter of 6 live newborns. Since HD is autosomally dominant inherited disorder,
we produced F1 and F2 generations of TgHD minipigs by mating of TgHD and wild-type
(WT) animals.

The first of all, we needed to confirm incorporation of the transgene into the porcine
genome, its presence at RNA level and its protein expresssion in the brain and peripheral
tissues. We were interested where the transgene was inserted, in how many copies and what
was the length of polyQ tract in transgene.

Transgenesis was confirmed by genotyping in genomic DNA from porcine skin
biopsies or skin fibroblasts. One copy of the transgene integrated to the genome was detected

by relative comparison of quantitative DNA amplification between the endogenous porcine
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HTT and the transgenic human HTT genes. Localization of transgene with 124 glutamines
was proved on q arm of chromosome 1 (1q24-q25).

Eight minipigs at the age of 4-16 months were sacrificed and their brains and tissues
were used in biochemical and immunohistochemical examinations.

We confirmed expression of mutant Htt protein in different regions of the brain and
spinal cord the same as in peripheral tissues. No nuclear inclusions were detected in the
TgHD brain up to the age of 16 months.

One of the hallmarks of HD is a loss of medium sized spiny neurons which express
high levels of dopamine- and cAMP- regulated neuronal phosphoprotein (DARPP32).
We showed expression of DARPP32 in neostriatal neurons and neuropil. However, only
slight non-significant decrease in median number of DARPP32+ neurons per mm’ was
revealed in caudate and putamen of the TgHD minipigs.

Since the the testicular pathology in humans was related to the presence of mutant Htt
we decided to examine also semen and testicular tissues of TgHD boars. We showed
a significant decline in the median number of spermatozoa in TgHD boars and significantly
reduced number of intact WT minipig oocytes penetrated by TgHD spermatozoa what
indicated impaired penetration activity of spermatozoa in TgHD boars. Removal of the zona
pellucida markedly increased penetration rate in the WT and TgHD groups to 100% level.

We did not observe the differences in the development and behavior of the TgHD
minipigs from FO-F3 generations and no motor deficits specific for HD were evident in the
TgHD animals up to 40 months of age.

This study demonstrated successful establishment of a transgenic model of HD
in minipig. Transgenesis did not influence survival or normal development of animals through
multiple generations. Both female and male transmissions of the HD transgene were
confirmed. The lentiviral delivery did not cause mosaicism, since the expression of mutant Htt
was confirmed in both brain and peripheral tissues in F1 and F2 TgHD minipigs and
maintained the same number of glutamines. We detected slight reduction in the number
of DARPP32+ neurons in caudate and putamen of 16-month-old brain. We observed a decline
in fertility in 13-month-old boars caused by reduced sperm number and penetration rate.
No changes in behavior or motor functions were observed up to the age of 40 months.
The study was limited by the low number of animals in experimental groups as minipigs
become sexually mature at the age of 5 months, the gestation time is almost 4 months and not
all of the transgenes could be sacrificed in young ages in order to have a chance to produce

transgenic offspring and study their phenotype in older ages.
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My contribution

I isolated, cultured and characterizated the porcine neural differentiated stem cells
derived from brains of porcine 40-day-old fetuses. I transducted differentiated stem cells
by lentiviral constructs and immunocytologically tested the transduction potential of lentiviral
vectors. I designed all of the primers for genotyping, detection of mRNA and validation
of copy number variation of inserts in porcine genome. I isolated DNA, RNA and conducted
all of the PCR and qPCR reactions including those determined for the validation of glutamine
number in mtHTT polyQ tract. I prepared protein lysates and participated on western blot
(WB) analyses. I participated on modifying the protocols for processing of porcine brains
for immunohistochemical analyses. 1 observed the development and behavior of TgHD
animals and evaluated the rates of trangenesis and mutant huntingtin gene transmission

to next generations. [ wrote a draft of the manuscript.
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Abstract.

Background: Some promising treatments for Huntington’s disease (HD) may require pre-clinical testing in large animals.
Minipig is a suitable species because of its large gyrencephalic brain and long lifespan.

Ohjective: To generate HD transgenic (TgHD) minipigs encoding huntingtin (HTT)1-548 under the control of human HTT
promoter.

Methods: Transgenesis was achieved by lentiviral infection of porcine embryos. PCR assessment of gene transfer, observations
of behavior, and postmortem biochemical and immunohistochemical studies were conducted.

Results: One copy of the human HTT transgene encoding 124 glutamines integrated into chromosome 1 q24-g25 and successful
germ line transmission occurred through successive generations (FO, F1, F2 and F3 generations). No developmental or gross
motor deficits were noted up to 40 months of age. Mutant HTT mRNA and protein fragment were detected in brain and peripheral
tissues. No aggregate formation in brain up to 16 months was seen by AGERA and filter retardation or by immunostaining.
DARPP32 labeling in WT and TgHD minipig neostriatum was patchy. Analysis of 16 month old siblings showed reduced
intensity of DARPP32 immunoreactivity in neostriatal TeHD neurons compared to those of WT. Compared to WT, TgHD boars
by one year had reduced fertility and fewer spermatozoa per ejaculate. In vifro analysis revealed a significant decline in the
number of WT minipig oocytes penetrated by TgHD spermatozoa.

Conclusions: The findings demonstrate successful establishment of a transgenic model of HD in minipig that should be valuable
for testing long term safety of HD therapeutics. The emergence of HD-like phenotypes in the TgHD minipigs will require more
study.

Keywords: Huntington’s disease, mutant huntingtin, minipigs, large animal model, lentiviral transgenesis, FISH analysis, mRNA

and protein expression, immunohistochemistry, DARPP32, AGER A assay, TR-FRET assay, spermatozoa

ABBREVIATIONS

AGERA Agarose gel electrophoresis for
resolving aggregates

HD Huntington’s disease

HTT Huntingtin

TgHD Transgenic HD

TR-FRET Time-Resolved Forster Resonance
Energy Transfer

INTRODUCTION

Huntington’s disease (HD) is an inherited auto-
somal dominant neurodegenerative disorder with a
worldwide prevalence of 3—10 affected individuals per
100,000 persons in Western Europe and North Amer-
ica [1, 2]. Progressive impairment of motor, emotional
and cognitive functions [3, 4] is a consequence of the
expansion of the CAG repeat stretch in exon 1 of the
gene encoding huntingtin (HTT) protein [5]. The onset
and the severity of HD correlates inversely with CAG
repeat number [6]. The current pharmacotherapy of
HD provides improvement of symptoms but no treat-
ment is available to stop disease progression [7, 8].

Animal models are important tools to evaluate ther-
apies for neurodegenerative disorders. Models of HD
in rodent, Drosophila, C. elegans, and non-human pri-
mate have been generated. In general, each of these
models shows some biochemical and neuronal features
similar to HD in humans [2, 3]. Rodent and fly mod-

els of HD have been very useful for understanding the
molecular basis for behavioral and neuronal abnormal-
ities [2]. Although rodent models of HD that express
either truncated [9-11] or full-length [12, 13] human
mutant HTT display differences in onset and severity
of phenotypes, these models collectively have pro-
vided valuable information related to target validation
and drug therapy. However, the rodent’s small brain
size and differences in neuroarchitecture to humans
limits their use for detailed neuroanatomic character-
ization associated with HD [14-17] and for adapting
methods such as non-invasive imaging that are used in
human clinics [18-20]. Large HD genetic models such
as sheep [21] and the non-human primate [22] have
been generated to help address these problems.

Pigs, and mainly minipigs, represent an optimal
model for preclinical drug trials and long-term safety
studies [20, 23-26]. This species has a physiology
resembling in several aspects that of humans [27-29].
The large size of the pig brain permits detailed iden-
tification of brain structures by imaging techniques
such as PET [30-32] and MRI [33-39]. There has
been recent progress in defining the porcine genome
[40-43], porcine single nucleotide polymorphisms
[44], microRNAome [45-47], and improved tech-
niques for genetic modification of pigs [48-51]. The
porcine homologue of the huntingtin gene has a large
ORF of 9417 nucleotides encoding 3139 amino acids
with a predicted size of 345 kDa (GenBank, Accession
No. AB016793). There is a 96% similarity between
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the porcine and human huntingtin genes (GenBank,
Accession No. AB016794). The number of CAG
repeats in the porcine HTT gene is polymorphic, rang-
ing from 8 to 14 units, and falls within the range of
the normal human huntingtin gene [52]. Similar to
humans, miniature pig possesses two HTT transcripts
of approximately 11 and 13 kb [52, 53]. The similari-
ties between porcine and human huntingtin genes and
proteins have provided further impetus to use the pig
as a model of HD [20, 54].

Recently, a cloning strategy was used to generate
a transgenic HD minipig. Unfortunately, this porcine
model suffered frequent perinatal mortality for reasons
that are unclear [55]. Here we used a strategy based
on lentiviral infection of porcine embryos and report
the successful germ line transmission through succes-
sive generations (FO, F1, F2 and F3 generations) of a
HD transgene encoding the first 548 aa of HTT with
124 glutamines under the control of human HTT pro-
moter. Mutant protein expression is detected in both
CNS and non-CNS tissues and in brain is comparable
to the endogenous huntingtin. DARPP32 immunore-
activity in a 16 month old TgHD minipig was reduced
compared to a WT sibling. At about one year of age,
sperm number and oocyte penetration were severely
affected in TgHD minipigs. These findings suggest
that we have in hand a suitable large animal model
for evaluating potential HD therapeutics.

MATHERIALS AND METHODS

Supplementary data

Supplementary Data (S1 —S8) are placed on the web-
site of The Institute of Animal Physiology and Genet-
ics, v.vi.: wwwiapg.cas.cz/CentrumPIGMOD/JHD

Minipigs

The Institute of Animal Physiology and Genetics
in Libechov imported the first miniature pigs in 1967
from the Hormel Institute, University of Minnesota
(two boars and three sows) and from the Institute
for Animal Breeding and Genetics, University of
Gottingen, Germany (two boars and four sows). Since
then breeding, animal health and body shape have
been thoroughly controlled and outbreeding conditions
maintained by import of several additional boars from
Gottingen [29]. Through continuous selection there has
been an increase in the average litter size (now about
6-8 piglets) and maintenance of a white color, which
has enabled the study of epidermal stem cells [56].

The animals were bred beginning at about 5 months
of age when they reach sexual maturity. At this stage
they weigh about 12-15kg. In our minipig colony
longevity is unknown because animals are housed for
a maximum of about 8 years. However, the survival of
parental minipig breeds (Hormel and Gottingen) has
been reported to be 12 to 20 years. In this study, as
is standard practice, the gilts (sexually mature, reg-
ularly estrous cycling minipig females) and weaned
sows were housed in groups of 3—4 minipigs, and boars
were kept individually. The regular estrous cycle (20
days) facilitated reproductive experiments.

All components of this study were carried out in
accordance with the Institutional Animal Care and
Use Committee of Institute of Animal Physiology and
Genetics, v.vi. and conducted according to current
Czech regulations and guidelines for animal welfare
and with approval by the State Veterinary Adminis-
tration of the Czech Republic. The ample body size
of the minipigs made feasible all surgical and laparo-
scopic approaches and their execution in a imely way.
General anesthesia of minipigs was induced by TKX
mixture (Tiletaminum 250 mg, Zolazepamum 250 mg,
Ketamine 10% 3 ml, Xylazine 2% 3ml) in a dose of
1 ml per 10 kg of body weight for experimental proce-
dures including embryo transfer and oocyte collection.
All surgery was conducted under sterile conditions in
a standard surgical room. Postoperative care included
treatment with analgesics and antibiotics. Animals
were housed separately during recovery from anesthe-
sia and then returned to the animal colony. Profound
barbiturate anesthesia (Thiopental Valeant, 1g, iv.)
was used for transcardial perfusions.

Construction and production of the
HIVI-HD-548aaHTT-1450 vector and
verification of vectors in vitro

N-terminal truncated form of human huntingtin
was created from the plasmid pFLmixQ145 com-
prising human full-length HTT c¢DNA with 145
CAG/CAA repeats (obtained from Coriell Cell Repos-
itories, Camden, NJ). The first 548 aa of huntingtin
(ending with residues AVPSDPAM) and including
145 Q was ligated with the HD promoter and
inserted into the backbone plasmid pHIV7, which
contained ¢PPT and WPRE cis-enhancing elements.
Lentiviral vectors were produced by transient co-
transfection of HEK293T cells. HIVI-CMV-EGFP
vector (1 x 10° TU/ml) was used as the standard (See
Supplementary Data S1 for details). Transgene expres-
sion was tested on porcine differentiated neural stem
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cells. Subsequently, transduction potential of lentivi-
ral vectors was evaluated using porcine zygotes.
Matured porcine oocytes were laparoscopically aspi-
rated from pre-ovulatory follicles. After IVE, embryos
at pronuclear stage were microinjected with 10-20pl
of HIVI-CMV-EGFP construct into the perivitelline
space and cultured into the blastocyst stage in vitro
(See Supplementary Data S2 for details).

Transgenesis

Gilts were synchronized by Regumate (Jenssen
Pharmaceuticals) (5 donors and 3 recipients per
experiment). Donor females were superovulated by
administration of pregnant mare’s serum gonadotropin
(PMSG) (Intervet International B.V.) and ovulation
was induced by GnRH (Intervet International B.V.).
After mating with the boars, pronuclear stage embryos
were flushed from oviducts and microinjected into the
perivitelline space with HIV1-HD-548aaHTT-1450Q
lentiviral vector (50-100 viral particles per zygote).
The injected embryos were laparoscopically trans-
ferred into the fallopian tubes of recipients (See
Supplementary Data S3 and S4 for details).

Genotyping

Biopsies of porcine skin were used to obtain DNA
which was purified using DNeasy Blood & Tissue kit
(Qiagen). The presence of the transgene was deter-
mined by PCR amplification of the region containing
the WPRE coding sequence within the transgene
(254bp amplicon). Each PCR reaction contained
0.75 ng/pl of purified gDNA in 20 pl of reaction mix-
ture and underwent 32 cycles of amplification (94°C
for 30s, 56°C for 40s, 72°C for 40s) following an
initial 3 min denaturation period. SELK gene (360bp
amplicon) was used as an endogenous control. Primer
sequences:

WPRE Fwd: 5 GAGGAGTTGTGGCCCGTTG
TCAGGCAACG 3

WPRE Rev: 5 AGGCGAGCAGCCAAGGAAA
GGACGATG 3’

SELK Fwd: 5 ACAGGCCCAAACTAATAAGAG
3.f

SELK Rev: 5 CAAATTTGGAGCCTTTTGT 3’

Fluorescent in situ hybridization
The localization of transgenes within the porcine

genome was detected by Fluorescence in situ

hybridization (FISH) analysis [57]. Mutant HTT

sequence from the recombinant plasmid (HIV1-HD-
548aaHTT-145Q) was labeled with biotin-16-dUTP
(Roche Diagnostics GmbH) using a nick transcrip-
tion kit (Abbott). The resulting probe did not detect
the endogenous porcine HTT gene. Immunodetection
and amplification were performed using avidin-FITC
and anti-avidin-biotin. Chromosomes were counter-
stained with propidium iodide and DAPI. Karyotyping
was determined using image analysis of reverse DAPI
banding.

Microdissection of chromosomes and analysis of
copy number variation

The incorporation of transgenic HTT into the q
arm of chromosome 1 was confirmed by microdis-
section of q amms of both chromosomes 1 followed
witha non-specific degenerate oligonucleotide-primed
(DOP) PCR. 2 pl of DOP PCR amplification product
were used as a template to carry out PCR amplification
of the transgene.

Primer sequences:

MDS Fwd: 5 TTCATAGCGAACCTGAAGTC 3’
MDS Rev: 5 TTGTGTCCTTGACCTGCTGC 3’

The number of copies of the transgenes inte-
grated into the porcine genome was determined using
relative comparison of quantitative DNA amplifica-
tion between the endogenous porcine HIT and the
transgenic human HTT. HTT primers and probe 6-
carboxyfluorescein, (6-FAM, TagMan Probe, Applied
Biosystems) were designed to detect HTT of both
species. ACTB (VIC, TagMan Probe, Applied Biosys-
tems) was used as a reference gene. Each multiplex
qPCR reaction was performed in a reaction volume
of 20l using TagMan Gene Expression chemistry
(ROX passivereference, Applied Biosystems) using 75
cycles of amplification (30s at 94°C, 30s at 51.1°C,
30s at 72°C) following an initial 3 min denaturation
period. The gPCR data were analyzed using LinReg-
PCR software [58].

The sequences of the oligonucleotides:

HTT TagMan MGB Probe: 6-FAM-TCTGCGTC
ATCACTGC-MGBNFQ

HTT Primer Fwd: 5’ CTTCTGGGCATCGCTATG
3.f

HTT Primer Rev: 5’ CATTCGTCAGCCACCATC
3!

ACTB TagMan MGB Probe: VIC-AGTCCCTG
CCTTCCCAAA-MGBNFQ
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ACTB Primer Fwd: 5 GTCATTCCAAGTATCAT
GAGATG 3'

ACTB Primer Rev: 5 TGGAGTACATAATTTA
CACTAAAGC 3

Determination of glutamine number in human
mutant huntingtin

The number of glutamines in human mutant HTT
was determined by PCR using primer pairs that flanked
the region of the CAG/CAA repeat. The length of
the PCR fluorescently labeled product was detected
using Fragment analysis on an Applied Biosystems
3130 Genetic Analyzer. Samples were separated in gel
polymer POP-7 gel at 60°C using LIZ 600 size stan-
dard. Data analysis was performed by GeneMapper®
software.

Primer sequences:

HDI1: 5 ATGAAGGCCTTCGAGTCCCTCAAGT
CCTTC 3’ (6-FAM)

HD3pig: 5" CGGCGGCGGTGGCGGTTGCTGT
TGCTGCTG 3’

PCR protocol: 95°C for 5 min, followed by 40 cycles
of denaturation at 94°C for 30s, annealing at 70°C
for 30 s and elongation at 72°C for 30s with a final
extension of 3 min.

Detection of mRNA expression of mutant human
HTT

Purified RNA was obtained from cultured porcine
skin fibroblasts using RNeasy Plus minikit (Qiagen).
RT PCR amplification was performed in a reac-
tion mixture containing 2.0 ng/pl of total RNA with
reaction volume of 20 pl. The primer set for RNA
huntingtin insert (1446 bp amplicon) was designed
using Beacon Designer. ACTB (~100bp amplicon,
PrimerDesign Ltd) was used as a reference gene. The
HTT amplification was performed in one step starting
withreverse transcription at 50°C for 30 min and denat-
uration at 95°C for 15 min, followed by 50 cycles of
denaturation at94°Cfor45 s, annealing at 56°C for45 s
and elongation at 72°C for 95 s with the final extension
of 2min. The amplification of ACTB reference gene
was performed in a one-step reaction (50°C for 30 min,
95°C for 15 min, followed by 35 cycles of amplification
at 94°C for 455, 61°C for 30s and 72°C for 30s with
the final extension of 3 min. Reaction mixtures miss-
ing reverse transcriptase were included foreachanimal
sample to exclude the possibility of contamination with
genomic DNA.

Primer sequences:

HTT RNA Fwd: 5 GAAACTTCTGGGCATCGC
TATG 3

HTT RNA Rev: 5" GAAAGCCATACGGGAAG
CAATAG ¥

Biochemical assays

Eight minipigs at the age of 4 (N=4), 10 (N=2) and
16 months (N=2) from F2 generation (4 TgHD +4
WT) were perfused under deep anesthesia with ice-
cold PBS. The left hemisphere of each perfused
brain was dissected and used in biochemical assays
(SDS-PAGE and Western blot and TR-FRET). Brain
and tissue biopsies were stored at —80°C.

15pg of total protein from crude homogenates
of TgHD minipig and WT littermates samples were
diluted by NuPage 4x LDS sample buffer (LifeTech
#NP00O7) and 0.1 M DTT. Samples were loaded onto
3-8% Tris-acetate (LifeTech#EA03755) gel and run at
125V in Tris-Acetate SDS Running Buffer (LifeTech
#LA0041) until the 30 kDa band of Novex Sharp pro-
tein standard (LifeTech #LC5800) had migrated to the
end of the gel. Gels were then immersed in trans-
fer buffer containing 1% SDS and 20% MetOH for
8 minutes and then transferred onto nitrocellulose
membrane (LifeTech #IB301001) using an iBlot gel
transfer device (LifeTech #IB1001) P3 for 8 min-
utes. Membranes were blocked with 5% milk for
30 min at RT (BioRad #170-6404) and probed with
anti-HTT antibody (Abl, 1:1,000; [59]) overnight at
4°C. Membranes were then incubated for 1h at RT in
a 1:5,000 dilution of Peroxidase-conjugated Donkey
Anti-Rabbit secondary antibody (Jackson ImmunoRe-
search #711-035-152); followed by 5 min incubation
in Supersignal West Pico (Pierce #3408). Signal was
detected on autoradiographic film (GE Healthcare
#28906839). Membranes were stripped by Re-Blot
Plus Strong Solution (10x) (Millipore #92590) for
15 minutes at RT, blocked by 5% milk and re-probed
with anti-actin antibody in a 1:500 dilution (Sigma
#A4700). After 1 hincubation at RT insecondary Don-
key anti-Mouse antibody (Jackson ImmunoResearch
#715-0350150), detection was performed as described
above.

SDS-agarose gel electrophoresis for resolving
aggregates (AGERA ) and Western blot analysis

The analysis of mutant HTT oligomers by SDS-
AGE and Western analy sis was performed as described
previously [60-63]. 50 pg of total protein from
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crude homogenates of TgHD minipig samples were
diluted 1:1 into non-reducing Laemmli sample buffer
(150 mmol/1 Tris-HC1pH 6.8, 33% glycerol, 1.2% SDS
and bromophenol blue). Purified ferritin (440 kDa) was
used as a high molecular weight size marker and pos-
itive indicator of migration and transfer of protein
(Sigma). Eight week old R6/2 mouse striatal tissue was
used as a positive control for mutant HTT oligomers
[63]. Samples were loaded onto 1% agarose gel con-
taining 0.1% SDS and run at 100 V in running buffer
(192mM glycine, 25 mM Tris-base, 0.1% SDS) until
the bromophenol blue dye front had migrated 12 cm.
The gel was transferred onto PDVF membrane (Mil-
lipore) at 200 mA for 1h in transfer buffer (192 mM
glycine, 25mM Tris-base, 0.1% SDS, 15% MetOH)
using Semi-dry electroblotter model HEP-1 (OWL
Scientific). The thickness of the 1% gels decreased
substantially during transfer, so the electroblotter was
tightened periodically to ensure constant and even
contact between the gel sandwich and the electroblot-
ter. After transfer, the membrane was blocked for
1 h in StartingBlock™ T20 (TBS) Blocking Buffer
(Pierce) at room temperature and incubated in a 1:500
dilution of anti-HTT antibody (Millipore MAB5374,
EM48) overnight at 4°C. The membrane was then incu-
bated for 1h in a 1:10,000 dilution of Horseradish
peroxidase-conjugated anti-mouse secondary (Jackson
ImmunoResearch Laboratories) at room temperature
and signal was detected using Supersignal West Pico
(Pierce).

Filter retardation assay

The same homogenates used in the AGERA assays
were also analyzed for SDS-insoluble mutant HTT
by filter-retardation assay as previously described
[62-64]. 50 pg of homogenate were diluted in 0.1%
SDS and filtered through cellulose acetate membrane
(Schleicher & Schuell, 0.2 pm pore size) using a dot
blot filtration apparatus (Bio-Rad) and washed using
0.1% SDS. The blot was then blocked for 1h in 5%
non-fat milk at room temperature and probed with
primary and secondary antibodies and developed as
described above.

TR-FRET quantitative analysis

TR-FRET (Time-Resolved Forster Resonance
Energy Transfer) quantification of soluble mutant
huntingtin was performed as previously described [65].
In short, 5pl tissue sample homogenates and 1l
detection buffer (50mM NaH,PO4, 400mM NaF,
0.1% BSA and 0.05% Tween +detection reagents)
were added per well of a low-volume 384-well plate.

The labeled antibodies used for detection of solu-
ble mutant HTT were 2B7 bound to terbium cryptate
(TB) and MW 1 bound to D2 fluorochrome. The final
amounts of antibodies were 1ng 2B7-Tb and 10ng
MW1-D2. After incubation for 1h at room temper-
ature, samples were analyzed by excitation of the
Terbium donor at 320 nm. Afier atime-delay of 100 ps,
TB and D2 emission signals were detected at 620
and 665 nm with an Envision reader (PerkinElmer,
Switzerland). TR-FRET signals are presented as the
total protein normalized ratio of 665 nm signal divided
by 620nm signal. This calculation benefits from the
internal signal intensity reference of the TB donor flu-
orescence, thereby providing a mutant HTT protein
signal corrected for potential assay-interfering artifacts
such as turbidity, light scattering or quenching capabil-
ity of the sample, differences in sample volume due to
slight pipetting variability, and day-to-day assay fluctu-
ation caused by differences in excitation lamp energy.

Immunohistochemistry

The right hemisphere of each perfused brain was
immersed in a fixative solution composed of 4%
paraformaldehyde (PFA) in phosphate buffer saline
(PBS, pH 7.4) for 5-6 days and then embedded in
HistOmere [66, 67] for 2—4 minutes in dorso-ventral
direction, so that the optic chiasm and mammillary
bodies were in horizontal position, and cut into 6 slabs.
Brain slab no. 2 contained the majority of the neostria-
tum. The brain slabs were post-fixed in 4% PFA for
another 7-10 days and then placed into 30% sucrose
containing 0.01% sodium azide. 40 pm thick coro-
nal brain sections were cut using a clinical cryostat
(Leica Biosystems, CM1950). The endogenous per-
oxidase activity was blocked with a solution of 0.3%
of hydrogen peroxide in MetOH for 20 min and the
free-floating sections were immunostained using the
following primary antibodies listed with dilutions and
sources: Abl (1:1,000, [59]), AB585 (1:500, [59]),
MWS (supernatant, Hybridoma Bank, University of
Towa, USA), mEM48 (1:50, MAB 5374, Millipore) and
DARPP32 (1:15,000, ab40801, Abcam). Secondary
goat fluorescent antibodies (Alexa Fluor® 488, Alexa
Fluor® 555, Alexa Fluor® 647 from Invitrogen, Life
Technologies) were used for visualization of some
primary antibodies. Some sections were treated with
biotinylated secondary antibodies (1:400, Amersham,
Buckinghamshire, UK) followed by avidin-peroxidase
complex (1:400, A3151; Sigma-Aldrich). The avidin-
peroxidase complex was visualized by incubation with
DAB tablet (#4170, Kementec Diagnostics). The sec-
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tions were finally mounted with DePeX (Sigma).
Analysis was performed using a confocal microscope
equipped with 4 lasers (405, Argon, 561 and 633 nm
lasers) (SP5, Leica Microsystems), virtual microscopy
scanners (VS110®-5, Olympus, NanoZoomer 2.0-HT,
Hamamatsu) and a light microscope (Primo Star,
Zeiss).

Determination of the number and intensity of
DARPP32 + neurons

Images of regions of caudate and putamen were
obtained using the confocal microscope and a HCX
PL APO lambda blue 63.0 x 1.40 OIL UV objective
to detect DAPI staining. PMT setup, pinhole sizes (1
Airy) and contrast values were kept constant across
different sessions. The number of coronal sections
analyzed per caudate nucleus and putamen ranged
from 3-5 and 25 areas were scanned in each sec-
tion. Areas of analysis were sectioned in the z plane
in 1-micron optical sections (13-20pum) using Fili
software (http://fiji.sc) and only cells confirmed to
include the entire DAPI stained nucleus were included
in the analysis. This sampling method is an optical
dissector technique and minimizes sampling errors
(due to partial cells) and stereological concerns, as
minor variations in cell volumes do not influence
sampling frequencies [68, 69]. The DAPI staining in
DARPP32 labeled cells revealed nuclei of two dis-
tinct morphologies-large grainy nuclei mainly in the
caudate nucleus and smaller compact nuclei mainly in
putamen. Only cells with DARPP32 labeling and these
nuclear features were included in the analysis. A total
of 5,256 neurons in TgHD minipig and 3,644 neurons
in WT minipig were counted. All values were reported
as the number of neurons positive for inmunoreactive
DARPP32 per mm? tissue. In the same scanned areas
used for the cell based analysis the overall intensity of
DARPP32 signal was also measured. The average sig-
nal intensity was determined for all images in a stack
and expressed as the mean intensity.

Semen collection and penetration test

Semen samples from 2 transgenic boars of F1 gen-
eration (G117 and G118) and 3 wild type boars (F808,
F630, F719) were collected starting at age 12 months
and periodically over 14 months. Five and 18 sam-
ples were taken for the WT and 16 and 18 for the
TgHD minipigs. Total number of spermatozoa per
ejaculate was estimated by Sperm Class Analyzer
(Microptic, Spain). Differences in the number of sper-

matozoa betweenindividual boars were analyzed using
Kruskal-Wallis test followed by Mann-Whitney U
test for the post hoc comparison. Values of p<0.05
were considered significant. The spermatozoa were
prepared for in vitro penetration test by double centrifu-
gation (20 min/600 g, 10 min/600 g) and the following
swim-up procedure [70] provided about 1 x 10° cells
for in vitro fertilization. The cycling minipig gilts
were synchronized by Regumate (Jenssen Pharmaceu-
ticals) and superovulated by administration of PMSG
(Intervet International B.V.). Ovulation was inducted
by GnRH (Intervet International B.V.). The oocyte-
cumulus complexes were isolated from large antral
follicles 72 h after PMSG injection at the germinal
vesicle stage and they were cultured for 40-44 h up
to metaphase II with the first polar body [70]. In 13
independent experiments, oocytes with intact zona pel-
lucida were used. In some experiments, the zona pellu-
cida was removed by incubation with 0.25% pronase.
After 24h of incubation with spermatozoa, oocyles
were mounted on slides, fixed in acetic-alcohol, stained
with acetic-orcein and examined with phase contrast
microscopy. The penetration rate into matured pig
oocytes was recorded. Differences among individuals
inpenetrationrate were analyzed using Kruskal-Wallis
test followed by Mann-Whitney U test used for the post
hoe comparison between individual boars and values
of p<0.05 were considered significant.

RESULTS

Generation and characterization of TgHD minipig

The HIV 1 backbone plasmid pHIV7, which contains
¢PPT and WPRE cis-enhancing elements (Supplemen-
tary Data S1), was used for the construction of a
lentiviral vector carrying the sequence of the first 548
amino acids of human HTT protein containing 145
glutamines under the control of human HD promoter
(Fig. 1A). The transduction potential of the lentiviral
construct was verified on porcine zygotes using the
HIV1-CMV-EGFP construct. Efficient transduction of
porcine embryos was confirmed by the presence of
EGFP fluorescence in embryoblasts and trophoblasts
(Supplementary Data S2).

The TgHD minipigs were generated by using
microinjection of HIV1-HD-548aaHTT-145Q con-
struct into the perivitelline space of the one-cell stage
porcine embryos (Supplementary Data S3). Twenty-
nine injected zygotes were transferred to recipient
sows via laparoscopy (Supplementary Data S4). After
standard duration of gravidity (115 days), the first
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pHIV1-HD548aaHTT-145Q
i Sv40| cmv |US RRE| cPPT | HD promoter 548aaHTT_145Q | WPRE FLTR |
0 650 1300 1950 2600 3250

B
gDNA PCR

300 bp
250 bp

500 bp
400 bp SELK
=
T
=T
(™ = [+
D e = o &
3 8 £ o o® =
| e N . E < ©
e B i
4 5 8 £ 6 o & - Z2 T
Z ® @m ¥ W = (= -
O L L 0O ¥ ¥ 0 = a o

1500 bp
1000 bp

@) gDNA amplicon, 254 bp

ee——) mRNA amplicon, 1446 bp

C

RT-PCR

250 bp _—
150 bp S

DNA ladder
F807 (F0)

F808

G117 (F1)

K65 (F2)

K19 (F2)

G122

pDNA 548aaHTT
WT pig RNA
ddH,0

Fig. 1. Molecular characterization of TgHD minipigs. (A) Schematic of the first 548aa of human HTT ¢cDNA fragment with the stretch of 145
glutamines ligated to human HTT promoter in the pHIV7 backbone. WPRE primer set (gDNA amplicon) was used for genotyping the animals.
548aaHTT primer set (mRNA amplicon) was used for confirmation of mRNA expression. (B) PCR of the human HTT and WPRE region
(TgHTT) shows presence of transgene in porcine DNA. Amplification of SELK gene (360bp amplicon) was used as control for the quality of
DNA. (C) Expression of mRNA by RT PCR amplification of 1446 bp long amplicon spanning the region encoding human HTT and WPRE
region. Amplification of actin mRNA (ACTB) was used as a control for RNA quality. Reaction mixtures without reverse transcriptase were
included for each animal sample to exclude the possibility of genomic contamination (data not shown). Plasmid DNA with 548aaHTT-145Q
construct was used as a positive control. WT pig genomic DNA and mRNA and ddH20 were used as negative controls. Generation (FO, F1, F2)

is indicated just for TgHD animals.

HIV1-HD-548aaHTT-145Q manipulated piglets were
born. One gilt (F807) in a litter of 6 live newboms was
transgenic. Two non-transgenic piglets died within 48
hours after birth (Fig. 2). The number of transgenic
animals when expressed as a proportion of the num-
ber of live births or as a proportion of microinjected
zygotes was 16.7% or 3.5%, respectively.

The FO transgenic gilt was mated with its non-
transgenic littermate to produce F1 generation. In the
two litters of 17 newborns, five piglets were transgenic
(Fig. 2). Germ line transmission to the F1 generation
was 29.4%. F1 transgenic boars were sexually mature
atthe expected age of five months and they successfully
produced offspring.

Of 92 F2 piglets born from seventeen litters — 73
survived (20.7% perinatal mortality) and 37 of these
were transgenic (TgHD, black symbols, Supplemen-

tary Data S5) resulting in a 40.2% F2 generation
transgenesis rate per born piglet. The number of piglets
in a litter and newborn mortality was comparable
between offspring of TgHD and WT animals (Supple-
mentary Data S6). The proportion of TgHD and WT
piglets in F2 generation were comparable, enabling
creation of optimal experimental groups (TgHD vs.
WT animals).

Five transgenic boars and one TgHD female of the
F2 generation were bred and a total of 51 live WT and
30 live TgHD piglets were obtained from 23 litters.
The incidence of perinatal mortality in F3 generation
was 14.2% and the rate of transgenesis was 34.9%.

The FO transgenic sow was also mated with an F1
transgenic boar. Four transgenic piglets were born in
two litters (Supplementary Data S5). No homozygote
TgHD transgenic offspring were obtained.
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Fig. 2. Breeding and pedigrees of TgHD minipigs. Black boxes (males) and black circles (females) represent animals positively tested for the
transgene in DNA extracted from biopsy of ear tissue. /" denotes a dead minipig within the first 48 hours; “X” indicates an animal sacrificed
for biochemical and microscopic studies. The FO minipig gave birth to 5 TgHD piglets in two litters. Mendelian inheritance is indicated in the

F2 generation.

DNA and RNA analysis

Genotyping was performed using PCR as described
in Methods. Figure 1B demonstrates TgHD minipigs
in FO, F1 and F2 generations. Expression of mRNA
was confirmed by RT PCR amplification of the region
encoding human HTT and WPRE region (Fig. 1C). To
confirm mRNA expression of the full insert, primers
were designed for amplification of the 1446 bp product
fromthe 548aa HT T transgene. mRINA of mutant hunt-
ingtin was transcribed in all TgHD minipigs. Mutant
HTT gene was detected by FISH analysis on chro-
mosome 1 (1q24-q25) in animals from the first three
generations (Fig. 3A). Microdissection of q arms of
chromosomes 1 followed with non-specific DOP PCR
confirmed the presence of the transgene in chromo-
some 1. Chromosomes 6 and 13 were used as negative
controls (Fig. 3B).

Quantitative PCR was used to detect the presence
of both endogenous wild type HTT gene and the
mutant HTT transgene in the porcine genome. Assum-
ing the presence of the two endogenous porcine HTT
alleles, all the transgenic animals integrated 1 copy
of the transgene in their genome (Fig. 3C). Further-
more, fragment analysis of the PCR amplicons of
the DNA fragment containing CAG/CAA sequence
showed that the integrated transgene was in frame and
consisted of 124 CAG/CAA instead of the original 145
(Fig. 3D).

Development and behavior of TgHD minipigs

The development and behavior of the TgHD minip-
igs from FO, F1, F2 and F3 generations appeared
comparable to WT. TgHD piglets looked normal at
birth, were able to stand within a few minutes and their
size was similar to each other and to WT. Social domi-
nance relationships among the WT and HD littermates
began forming two days after birth and as expected,
changed as a consequence of weaning and sexual matu-
rity. TeHD and WT animals of both sexes became
sexually mature at the expected age of 5 months and
were able to produce offspring. We noticed adecline in
the fertility of the F1 generation TgHD boars beginning
at about 12 months (see below). Motor deficits charac-
teristic of HD were not evident in the TgHD animals.
Lateral eye movements were smooth and vertical gaze
movement was similar to WT minipigs. Saccades were
not slow, facial praxis was normal, and vocalization
had a normal rhythm. No involuntary movements were
observed. A qualitative rating scale was developed to
evaluate stance, gait, and ability to cross a barrier in
TgHD and WT animals starting at age 3 months and
at monthly intervals up to 30 and 40 months of age. A
rating of 0 was normal and 3 was the most impaired
(see Supplementary Data S7 for details). Using this
rating scale, there was no difference in score for stand-
ing, gait, or crossing a barrier between WT (score=0)
and FO TgHD minipigs (F807) up to 40 months and F1
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Fig. 3. Localization and copy number of mutant HTT and length of CAG/CAA repeat in TgHD minipig. (A) Incorporation of mutant HTT
into the porcine genome. FISH technique shows the localization of the transgene on chromosome 1 (1q24-q25) (inset, arrowhead) of F1 TgHD
male. (B) Microdissection of g arms of chromosome 1 followed by non-specific degenerate oligonucleotide primed (DOP) PCR confirms the
presence of the transgene on chromosome 1 but not chromosomes 6 and 13. Genomic DNA from TgHD minipig was used as a positive control.
(C) Bar graph shows quantity of HTT gDNA (both endogenous porcine HTT and human HTT transgene) in WT and TgHD animals relative to
endogenous actin gDNA. Lines indicate mean values for the WT (dashed line) and transgenic animals (full line). Copy number of the transgene
was determined by comparing its mean value to that of the WT. (D) The result of analysis of fragment length electrophoresis is shown. PCR
amplification with primers specific for transgene shows a peak of 410bp in TgHD animals but not in the WT. 410 bp fragment encodes both
primer sequence and CAG/CAA repeat sequence encoding 124 glutamines in all three generations. CAG/CAA repeat number was similar in

different porcine tissues (data not shown).

generation minipigs (G117, G118, and G122) up to 30
months of age (Scores =0).

Expression of mutant huntingtin protein

Brain lysates were obtained from two 4 month old
F2 TgHD minipigs and two WT minipigs. SDS-PAGE
and Western blot analysis was performed as described
in methods using antibody Ab1 to detect HTT. Mutant
HTT protein fragment was detected in all regions of the

CNS examined including motor cortex, putamen, cau-

date nucleus, hippocampus, hypothalamus, thalamus,
cerebellum, and spinal cord (Fig. 4A top for one WT
and one TgHD). Mutant HTT fragment migrated at the
expected size of 120 kDa. Peripheral tissues including
small intestine, lung, liver, kidney, ovaries and skin
also expressed the TgHD protein whereas little or no
transgenic HTT was present in stomach, heart, skeletal
muscle and spleen (Fig. 4 A bottom). With some excep-
tions (for example, hypothalamus), the densitometry
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analysis showed that the levels of mutant HTT frag-
ment in different brain regions were comparable to the
levels of the endogenous porcine huntingtin seen on the
same blots (see scatterplot, Fig. 4B). Further Western
blot analysis of caudate nucleus and cerebellum was
performed in frozen samples of brain from 8 minipigs
(4 TgHD and 4 WT) ages 4, 10 and 16 months. Results
showed that the mutant protein fragment was detected
in the TgHD minipigs at all ages. The signals for the
mutant protein migrated more broadly in SDS-PAGE
in the caudate and cerebellum of the 10 and 16 months
old minipigs than in the samples from the 4 month
old minipig (Fig. 4C). Whether this characteristic of
migration is related to an altered property of mutant
HTT is unclear.

We quantified the levels of soluble mutant HTT in
CNS and peripheral tissues of two sibling pairs of
TgHD and WT minipigs using TR-FRET as described
in Methods. Results in all brain and spinal cord regions
and some peripheral tissues (lung, spleen, kidney,
ovaries) showed robust HTT signal in TgHD animals
compared to WT minipigs suggesting the assay was
detecting mutant HTT (Fig. 5). To determine the pres-
ence of aggregated mutant HTT in TgHD minipig
brain, AGERA and filter retardation assays were
applied. Homogenates from motor cortex, putamen,
caudate nucleus and cerebellum of WT and TgHD 16
month old minipigs were tested with mEM48 antibody.
Based on these assays, aggregated mutant HTT was not

120
100 |

80 |

mutant HTT signal relative to 1 mg/ml total protein

present in the brain of TgHD minipig but was detected
as expected in the brain of the R6/2 HD mouse (Fig. 6).

Immunohistochemistry of WT and TgHD brains

HTT immunoreactivity was examined by the
immunoperoxidase method in the 4 month old minipig
brain at the levels of the neostriatum using anti-HTT
antibody Abl which detects HTT1-17. The cortex,
caudate nucleus and putamen showed HTT immunore-
activity. Within these regions the gray matter was more
strongly labeled than the white matter (Fig. 7). Con-
sistent with findings in mice and human brain [71],
endogenous HTT in WT minipig strongly localized
to somatodendritic regions of cortical neurons and to
cell bodies of neostriatal neurons. Neuropil of cor-
tex and neostriatum was also strongly labeled. The
other anti-HTT antibody which detected endogenous
huntingtin in WT minipig was ABS585, which was
made to HTT585-725 [59]. There was no difference
in the intensity of staining for HTT in TgHD minipig
compared to WT minipig with anti-HTT Abl. No
nuclear inclusions were detected in the TgHD brain
even though Abl antibody detects nuclear inclusions
in the human HD cortex [72]. Antibodies MWS8 and
mEM48 are known to detect nuclear aggregates in
other HD animal models but did not produce any stain-
ing in the TgHD minipig. Similarly no labeling was
detected with MWS in the 16 month old Te¢HD pigs.

Detection of mutant HTT by TR-FRET

®TgHD K16
®TgHD K11
OWT K18
OWT K12

Fig. 5. TR-FRET analysis of soluble HTT protein in F2 WT and TgHD minipig. Bar graph shows results of TR-FRET analysis of soluble
mutant HTT protein in TgHD and WT tissue samples (isolated from 4 month old minipigs) expressed as mutant HTT signal per | mg/ml total
protein. Results of TR-FRET quantitative analysis correlated with western blot analysis shown in Fig. 4B.
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Fig. 6. Biochemical assays for detection of aggregated mutant HTT. AGERA and Filter retardation assays were performed as described in
Methods using tissue from different brain regions of WT and TgHD minipig and R6/2 HD mouse. Membranes were probed with mEM48

antibody. Only R6/2 sample shows signal in both assays.

Fig. 7. HTT localization in the brain of WT and TgHD minipig. Shown are coronal sections of 4 month old WT minipig brain on the left
and TgHD minipig brain on the right labeled using the immunoperoxidase method to detect HTT with anti-HTT1-17 (Ab1). Boxed regions
of the cingulate cortex and the putamen are shown in images to the right of each section. HTT immunoreactivity has a strong somatodendritic
localization in WT and TgHD cortex and in somata of medium sized neostriatal neurons. There is no obvious difference in labeling between

WT and TgHD neurons. Scale bars 100 m.

DARPP32 is highly localized to neuronal cell bodies
and processes of the normal rodent and human neos-
triatum. A decline in DARPP32 immunoreactivity in
the neostriatum is characteristic of HD mice [73, 74].
Immunoperoxidase labeling for DARPP32 in the neos-
triatum of F2 generation 16 month old WT and TgHD
minipigs showed intense labeling in neuronal cell bod-
ies and neuropil (Fig. 8A-D). Some areas of less
intense DARPP32 neuropil staining were present and
may be striosomes, which have been described using
other neuronal markers in rodent and human striatum

[75,76] (Fig. 8B, D). Immunofluorescence analysis of
caudate and putamen of F2 WT and TgHD minipigs
at ages 4, 10 and 16 months also showed DARPP32
robustly expressed in neostriatal neurons and neuropil
(Fig. 9A-C, shown for 16 months). A quantitative
stereology analysis was performedin the sibling pair of
16 month old minipigs. Results showed that the median
number of DARPP32 +neurons per mm?® in caudate
and putamen of the TgHD minipig was slightly lower
compared to the WT (TgHD: 24,781 caudate neurons
and 22,351 putamen neurons, and WT: 26,846 caudate
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neurons and 23,863 putamen neurons) (Fig. 9C). In
the TgHD brain there were reduced signal intensities
for DARPP32 labeling in the caudate nucleus (11.3%
reduction) and putamen (31.7% reduction) compared
to the WT sibling. Although these data are highly pre-
liminary and need confirmation in additional minipigs,
the results suggest that by 16 months of age the levels
of DARPP32 in TgHD minipig start to decline.

Analysis of reproductive capacity in TgHD boars

The number of spermatozoa per ejaculate was sys-
tematically evaluated in the transgenic boars from the
age of 13 months to 26 months. There was a signif-
icant decline in the median number of spermatozoa
in TgHD minipigs (2.45-3.65 x 10° of spermatozoa)
compared to WT (8.15-12.48 x 10 of spermatozoa)
(Fig. 10A, Kruskal-Wallis test p<0.001 followed by
post-hoc Mann-Whitney U, p <0.01).These data sug-
gest an impairment of spermatogenic production of the
testes of TgHD minipigs. A time course analysis of

the TgHD sperm samples showed that sperm number
was reduced at 13 months and remained low up to 26
months (Supplementary Data S8). IVF assay showed
thatin WT oocytes with zona pellucida intact, the num-
ber of TgHD spermatozoa that penetrated the oocyte
was lower than for the WT spermatozoa (Fig. 10B).
The median percentage of WT oocytes that were
penetrated by TgHD spermatozoa was significantly
lower than WT oocytes penetrated by WT spermatozoa
(Kruskal-Wallis test p<0.001 followed by post-hoc
Mann-Whitney U, p<0.05) (Fig. 10C). These results
indicated that the penetration activity of spermato-
zoa in TgHD boars was impaired compared to those
of WT spermatozoa. To investigate the basis for the
impaired penetration rate in TeHD, WT oocytes with
zona pellucida removed were used for further analysis.
Removing the zona pellucida markedly increased pen-
etration rate in the WT and TgHD groups to 100% level
(Fig. 10D). These findings suggest that the presence of
the HTT gene interferes with the penetration of TgHD
spermatozoa through the zona pellucida but does not

Fig. 8. DARPP32 immunoreactivity with immunoperoxidase method in 16 month old F2 WT and TgHD minipig brain. (A and C) Coronal
sections through the neostriatum of WT (A) and TgHD (C) minipig show intense labeling for DARPP32 in the caudate nucleus and putamen
and in the basal forebrain. Boxed areas are shown at higher magnification in B and D. (B and D) Higher magnification images show the intense
labeling of neuropil and cell bodies. Areas of weaker neuropil labeling are demarcated by a dashed line and asterisk in the center and may
represent striosomes. Scale bars in A and C are 5mm and in B and D are 500 pm.
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interfere with fusion of the post-acrosomal sperma-
tozoa membrane and the cytoplasmic membrane of
oocytes.

DISCUSSION

Rodent models of HD including transgenic mice
expressing N-terminal fragments of mutant HTT
have been very important for understanding disease
mechanisms, validating targets, and testing candidate
therapies, but have some limitations for modeling the
human disease [2, 17]. The miniature pig (Sus scrofa)
has similarities to humans in anatomy, physiology, and
metabolism [20, 28, 29]. The size and structure of
pig brain makes it amenable to neurosurgical proce-
dures and non-invasive high resolution neuroimaging
methods similar to those performed in humans [30,
34, 77]. The lifespan of minipigs and their sophis-
ticated cognitive and motor abilities also make them
useful for long-term studies of learning, memory and
behavior [28, 78, 79]. In this study we show successful
establishment of a transgenic minipig stably express-
ing N-truncated human mutant huntingtin 1-548 with
124 glutamines through multiple generations.

Transgenic HD minipigs were generated using
lentiviral transduction of porcine zygotes in syngamy,
at the onset of embryonic DNA synthesis. The precise
timing of lentiviral transduction enhances incorpo-
ration of the transgene ¢DNA into embryos. The
lentiviral delivery did not cause mosaicism, since the
mutant HTT was revealed in all tissues tested in FI
and F2 TgHD minipigs and maintained the same num-
ber of glutamines. We found an in-frame deletion
of the expanded CAG/CAA tract such that the inte-
grated transgene encoded 124 glutamines instead of
the original 145 glutamines. Similar contraction of the
polyglutamine repeat has been observed in human HD
[80]. The rates of transgenesis and viability of offspring
in pig were higher with lentiviral delivery than with
a cloning strategy reported previously [55, 81, 82].
In our experiments, the lentiviral construct that was
used to transduce the minipig genome did not influ-
ence survival or normal development through multiple
generations. The total neonatal mortality of our TgHD
minipigs was 17.2%, which is in the range of the WT
strain (16.4%, Supplementary Data S6). In contrast,
the transgenic HD pigs, generated via a cloning strat-
egy and bearing N-terminal mutant HTT (208 amino
acids and 105 Q), showed a severe chorea phenotype
before death and the presence of apoptotic cells in brain
[55].

Both female and male transmissions of the HD trans-
gene were confirmed in our TgHD minipigs. Two litters
of F1 generation minipigs were born with a rate of
transgenesis 0f 29.4%. The litters of F2 and F3 gener-
ations had a Mendelian inheritance of the transgene of
40.2% and 34.9%, respectively. Importantly, one sin-
gle copy ofexogenous HT'T was found in chromosome
1 (1g24-q25) where it was maintained in F1 and F2 off-
spring. The Te¢HD minipigs of FO —F2 generations had
two alleles coding endogenous pig HTT and one allele
for the N-terminal human mutant HTT. No homozy-
gote TgHD minipigs were generated with heterozygote
TgHD matings. The site of insertion of the transgene
may have disrupted some essential genetic sequence
that caused lethality of progeny homozygous for the
HD transgene [83]. More detailed information on the
exact site of insertion of the transgene in chromosome 1
may reveal more insights about potential homozygote
lethality.

Mutant HTT protein expression was detected in dif-
ferent brain regions including cortex, caudate nucleus
and putamen and in a variety of peripheral tissues
and confirmed by both Western Blot analysis and TR-
FRET. With one exception (hypothalamus in one of the
TgHD minipigs), the data from WB and TR-FRET bio-
chemical assays showed a good correspondence for the
relative distribution of human mutant HTT in different
brain regions and peripheral tissues. The expression
of the transgenic protein was not confirmed in heart,
stomach, spleen and skeletal muscle. Trottieret al. [84]
determined the presence of HTT protein also in heart.
Discrepancies in observed distribution of huntingtin
in tissues can be influenced by the preparation of pro-
teinlysates [85]. In “bloody™ tissues (liver, spleen), red
color of analyte is known to artificially increase back-
ground in TR-FRET readout thus higher mutant HTT
background signals in these WT tissues were likely due
to this effect. The variations in the expression level of
protein were expected in skin tissue due to insufficient
homogenization.

Midbrain dopaminergic neurons play a critical role
in basal ganglia circuitry and function including coor-
dination of movement. Protein phosphatase 1 regula-
tory subunit 1B, also known as dopamine- and cAMP-
regulated neuronal phosphoprotein (DARPP32), is
highly expressed in caudate-putamen medium-sized
spiny neurons [73, 86]. Dopamine D1 receptor stimu-
lation enhances cyclic AMP formation, resulting in the
phosphorylation of DARPP32 [86] at Thr34 by PKA
[87]. Aloss of DARPP32 levels in medium-sized spiny
striatal neurons was observed in several rodent models
of HD [74, 88], and in the globus pallidus and putamen
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of 7 month old HD sheep [21]. A 16 month old TeHD
minipig brain had a reduction compared to WT in the
intensity of neuronal labeling for DARPP32 in the
caudate nucleus and putamen. Clearly these findings,
which are based on a detailed quantitative analysis of
only one sibling pair of WT and TgHD minipigs, need
to be confirmedin more animals. Nevertheless, the data
suggest that changes in DARPP32 may begin in the
TgHD minipig brain at around 16 months of age.

The formation of aggregates is a hallmark of HD
pathology. Nuclear and cytoplasmic inclusions of
mutant HTT are seen in human postmortem HD
brain and in mouse models of HD [9, 72]. There
was no evidence of aggregates of mutant HTT pro-
tein in the TgHD minipig up to 16 months of age
based on biochemical (AGERA, filter retardation)
and immunohistochemical assays with antibody to
anti-HTT1-17. This antibody detects mutant HTT
inclusions in the human HD brain. Other antibod-
ies commonly used to detect nuclear inclusions of
human HTT fragments in HD mice including MW8
and EM48 produced no staining in the TgHD minip-
igs. The absence of nuclear inclusions in the TgHD
minipigs was consistent with the negative results for
aggregation observed using the AGERA and filter
retardations assays. Clearly study of brains from older
TgHD minipigs will be needed to determine onset of
aggregate formation. Many factors influence the inci-
dence of aggregated mutant HTT including levels of
mutant protein expression, polyglutamine length, the
length of the mutant HTT fragment, and age of the
animal [89-91]. It is noteworthy that a well stud-
ied HD mouse model BACHD which expresses full
length mutant HTT with 97 glutamines encoded by
CAG/CAA repeats [92] develops brain pathology and
progressive motor deficits but lacks obvious intranu-
clear mutant HTT aggregates [93]. Some neuropil
aggregates appeared in late stages (12-18 months
BACHD) and were more prominent when aggressive
antigen retrieval and anti-HTT antibody 3B5H10 were
used in the brain sections [94], suggesting that epi-
topes for detecting mutant HTT aggregates may be
masked. As with BACHD, the polyglutamine tract in
our TgHD minipig has a mix of CAG/CAA repeats. It
is possible that CAG/C AA sequence generates protein

conformations that are unfavorable for immunodetec-
tion of aggregates.

A surprising finding was evidence for a decline in
fertility in F1 boars caused by reduced sperm num-
ber and penetration rate. This phenotype can be easily
monitored in the TgHD minipigs and therefore repre-
sents a biomarker that can be suitable for therapeutics.
From 13-26 months the decline in sperm function
was constant. Analysis of earlier ages might reveal
a period of progressive decline that could also be a
useful index for analysis of therapeutics. As only 2
F1 transgenic boars were available for detailed anal-
ysis, these findings must be considered preliminary
and we are currently investigating reproductive com-
petence in a larger cohort of F2 animals. Pathology
in the germinal epithelium has been documented in
human HD and YAC 128 HD mouse on histologi-
cal sections where a decreased number of germ cells
and reduced seminiferous tubule cross-sectional area
have been observed [95]. The testicular pathology in
humans was related to the presence of mutant HTT
since severity was greater in patients with longer CAG
repeats and testicular pathology was not present in a
patient with amyotrophic lateral sclerosis. The YAC
128 HD mouse develops testicular pathology between
9 and 12 months prior to significant reduction in testos-
terone or GnRH levels but coinciding with changes in
the brain and the appearance of motor deficits. Unlike
the TgHD minipigs, problems with sperm quality and
fertility have not been reported in HD patients.

No evident changes in motor function were observed
inaF0 TgHD minipig up to the age of 40 months. How-
ever, only 4 animals (3 TG vs. 1 WT) were subjected
to the study. A systematic quantitative study focusing
on changes in motor and cognitive functions in TgHD
minipigs is underway (Dr. R. Reilmann, unpublished
data). In contrast to our TgHD minipigs, the short-
lived transgenic piglets produced by a cloning strategy
showed dyskinesia and chorea-like movements before
death [55].

In summary we have developed a heterozygote
TgHD minipig that expresses a human mutant HTT
fragment throughout the CNS and peripheral tissues
in a stable fashion through multiple generations. The
TgHD minipig is healthy at birth and through early

Fig. 9. Immunofluorescence labeling of DARPP32 in WT and TgHD minipig neostriatum. (A and B) Shown are images of microscopic fields
from the putamen of 16 month old WT (A) and TgHD sibling minipig (B). DARPP32 labeling in the cytoplasm is red and DAPI staining
in the nucleus is in blue. (C) Upper boxplot shows median numbers of DARPP32 + neurons (mm?) in caudate nucleus and putamen of WT
and TgHD minipigs. Lower box plots shows median intensity of DARPP32 staining determined as described in Methods. (D) and (E) are
pseudo-color images of DAPI stained nuclei and DARPP32 stained neurons respectively in WT putamen obtained using fire view in Fili
software as part of thresholding for the neuronal counting procedure. Scale bar 50 jum. (Colours are visible in the online version of the article;

http//dx.doi.org/10.3233/JHD- 130001)
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Fig. 10. Failure of reproductive capacity in TgHD boars. (A) Boxplots show number of spermatozoa per ejaculate in two WT boars and in 2
TgHD minipig boars of similar age (see methods for details). The median number of spermatozoa is reduced in TgHD minipigs compared to
WT minipigs, p-values for all pairwise comparisons (Mann-Whitney U test) are shown in the table. (B) Left: Image of WT oocyte fertilized
with WT spermatozoa in vitro: Note the large number of penetrated, partly de-condensed spermatozoa that are visible in intact oocyte in vitro
fertilized with WT spermatozoa. Right: Image of WT oocyte fertilized with TgHD spermatozoa in vifro. Note the small number of spermatozoa.
The syngamy of male and female pronuclei is visible and only one supernumerary penetrated sperm is evident. (C) Boxplots show the median
ratio of intact WT oocytes (including zona pellucida) penetrated by WT or TgHD spermatozoa as determined by IVE. P-values for all pairwise
comparisons (Mann-Whitney U test) are shown in the table below. (D) Boxplots show the median ratio of WT oocytes with zona pellucida
removed penetrated by WT or TgHD spermatozoa as determined by IVE.

development and does not exhibit obvious signs of affected in HD, as well as a decline in sperm num-
abnormal movement up to 40 months of age. How- ber and penetration rate beginning at about 13 months.
ever, a decline is evident at 16 months in DARPP32 Formal testing of the TgHD minipigs in a battery of
immunoreactivity in the neostriatum, the region most motor tasks is now underway.
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SUPPLEMENTARY DATA

S1

Construction of HIV1-HD-548aaHTT-145Q vectors

To make N-terminal the first 548aa truncated form of human huntingtin, the following “A”
and “B” oligonucleotides were synthesized, annealed and inserted in between the EcoRV
and Xbal sites in the plasmid pFLmixQ145 comprising human full-length HTT cDNA with
145 CAG/CAA repeats (obtained from Coriell Cell Repositories, Camden, NJ):

“A” 57 ATCTTGAGCCACAGCTCCAGCCAGGTCAGCGCCGTCCCATCTGACCCTGCCATGTAATAGT 3°

“B” 3~ TAGAACTCGGTGTCGAGGTCGGTCCAGTCGCGGCAGGGTAGACTGGGACGGTACATTATCAGATC 5’

The inserted oligonucleotides place two stop codons (TAATAG) after 548aa.An
860 bpBamHI-Xcml DNA fragment containing the HD promoter was isolated from the
plasmid p4G6E4.0 (gift from Dr. G. Bates). N-truncated 548aa-145Q huntingtin was ligated
with the HD promoter at the Xcml site, residing at the initiation codon of the HTT coding
region. Right BamHI site in HD-548aa-145Q construct was created by insertion of
synthetic linker (Xba-Bglll-BamHI-Xba) into the Xbal site. After verifying the sequence of
the HD-548aa-145Q construct, HD-548aa-145Q unit was isolated and inserted into the
BamHI cloning site of the HIV1 backbone plasmid pHIV7, which contains cPPT and WPRE
cis-enhancing elements. The resulting HIV1 vector plasmid was designated as pHIV1-HD-
548a2aHTT-145Q. Lentiviral vectors were produced by transient co-transfection of 293T
cells maintained in Dulbecco’s modified Eagle’'s medium (DMEM) with 10 % FCS. 293T
cells in 150 mm dishes were co-transfected by Polyethylenimine (PEI) with each HIV1
vector plasmid, pLP1 and pLP2 (Invitrogen), and pCMV-G [1]. Conditioned media at day 2
and 3 post transfection was collected, filtered through a 0.45 um filter, and concentrated by
centrifugation at 7,000 rpm for 16 h at 4 °C with a Sorvall GS-3 rotor. The resulting pellets
were re-suspended with buffer containing 10 mMTris-HCI, pH 7.8, 1 mM MgCl, and 3 %
sucrose. Chromosomal DNAs from transduced cells were prepared with DNeasy Blood &
Tissue kit (Qiagen) after maintaining the cells for at least 10 days with more than two
passages. This procedure is to eliminate the contaminated plasmid DNAs used for virus
production from the transduced cells. The infectious titers of prepared HIV1-HD-
548aaHTT-145Q vectors were determined by measuring the copy numbers of the provirus
in the chromosomes by quantitative real-time RT PCR using a primer set selected for the
WPRE sequence. HIV1-CMV-GFP vector (1><1O9 IU/ml) was used as the standard.
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S2

Verification of HIV1-HD-548aa-145Q vectors in vitro

Porcine neural stem cells differentiated into neurons and glial cells [2] were transduced
with HIV-HD-548aaHTT-145Q constructs (1x10° IU/ml). The immunocytological study for
detection of the transgene was performed using mouse monoclonal antibody raised
against the first 82aa of human recombinant huntingtin (MAB5492, Millipore). This
antibody binds the human wild type and mutant huntingtin. Porcine transduced cells
express mutant human huntingtin four days after transduction with HIV-HD-548aaHTT-
145Q construct (A). In order to test the potential of the lentiviral construct to successfully
infect the porcine zygote, porcine oocytes were aspired from preovulatory follicles (B) by
laparoscopy. (C) Microinjection of FITC-dextran into perivitelline space of porcine oocyte is
shown to demonstrate lentivirus injection procedure. Oocytes were matured in vitro until
the in vitro fertilization (I\VF) was done by the frozen epididymal sperm from a selected

boar. After successful IVF, embryos at the pronuclear stage (D) were microinjected with the

HIV1-CMV-EGFP construct into the perivitelline space. Embryos were then cultured in vitro
until the expanded blastocyst (E) and the hatched blastocyst stages (F). The EGFP

fluorescence is visible in cells of embryoblast (arrow) and trophoblast (arrowhead) (F).
<
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S3

Transgenesis

Libechov minipig gilts were checked for estrus daily with an experienced boar and
standing estrus was recorded. In each experiment, gilts in the luteal phase of estrus cycle
(4—-5 donors and 3 recipients) were synchronized by Regumate for 15 days. The
superovulation of donors started by intramuscularly administered 500 IlU PMSG (Day 16)
followed by induction of ovulation by intramuscularly administered injection of 500 IU hCG
(Praedyn) or gnRH (Receptal, Day 19). Females were mated twice with the boars for the
collection of pronuclear stage embryos. Embryos were flushed from oviducts 48 — 50
hours after injection of hCG or gnRh. Pronuclear stage embryos were microinjected into
the perivitelline space with lentiviral vector (50— 100 viral particles per zygote) at a
micromanipulation workstation (Burleigh MIS-5400 piezoelectric and Narishige hydraulic
micromanipulator with MDI PM2000 pressure microinjector mounted on Olympus 1X70
inverted microscope). The injected embryos were then cultured for one hour in vitro in the
PZM3 medium and immediately transferred laparoscopically into the fallopian tubes of

recipients.

Day 1 Estrous synchronization Regumate

Day 15 Stop synchronization

Day 16 Superovulation PMSG
Day 19 Induction of ovulation hCG or gnRH
Day 20 Mating

Day 21 Flushing of embryos

Microinjection of embryos  Lentiviral vectors

Embryotransfer Laparoscopy
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S4

Video

Laparoscopic delivery (XION medical, GmbH Berlin) of HD construct microinjected
pronuclear stage embryos into the recipient oviduct.

Minipig females were positioned in dorsal recumbency for the embryo delivery procedure.
After preparation and disinfection of the surgical field, a Verres needle was inserted
through the umbilicus and the abdomen was inflated to 12 — 14 mm Hg with CO,. The
Verres needle was replaced by a trocar for insertion of the laparoscope. Instrumentation
trocars were positioned lateral-caudal from the umbilicus. Using graspers, the left and right
oviducts were prepared and fixated. After fixation of oviducts a hand-made double lumen
aspiration needle was inserted through the trocar and embryos were injected into the
oviduct lumen by epidural catheter (Perifix® Standard, B.Braun Medical, 18G). At the end
of the procedure, the abdominal cavity was examined for hemostasis and proper tissue
apposition. Following desufflation, the peritoneum, muscle, and skin layers penetrated by

the trocars were closed with sutures.
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S5

The complete pedigree of FO, F1 and F2 generations TgHD minipigs

Black boxes (males) and black circles (females) represent animals positively tested for the

transgene in DNA extracted from biopsy of ear tissue. /" denotes a dead minipig within the

first 48 hours; “X“ indicates an animal sacrificed for biochemical and microscopic studies.

The FO minipig gave birth to 5 TgHD piglets in two litters. Mendelian inheritance is

indicated in the F2 generation. 37 transgenic animals were born in 17 litters. No

homozygous TgHD minipigs were born.
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S6

Comparison of number of piglets and newborn mortality between TgHD and WT

litters

(A) Average number of piglets in TgHD litters is comparable with average number of

piglets in WT litters. (B) Newborn mortality is comparable between transgenic and wild-

type litters.
(A)
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S7

Methods for motor behavior testing

Transgenic minipigs from FO (F807) and F1 (G117, G118) generations together with wild-
type controls (G122) from F1 generation were used. The minipigs were trained to be
familiar with the trainer, her handling and in crossing barriers from the age of 6 weeks.
Each piglet was trained daily in the morning in 15 min sessions. The training and testing
areas were 3x3 m x 2x15 m. Minipigs were trained once a week until the age of 3 months.
Testing began two days after the last training day in monthly intervals starting at the age of
3 months and continuing to the age of 40 months (F807) and 30 months (G117, G118,
G122). Weight, eyes movements, facial praxis, vocalization, and evidence of involuntary
movements were monitored before each testing. Females (F807 and G122) were not
included into the testing procedure if they were within 4 weeks of expected delivery and

during nursing. The scores and description of behaviors were as follows:

Points | Stand Gait Crossing a barrier
0 standing on 4 legs normal gait e prgblem Wlth
crossing a barrier
1 lowering of hind quarters
close to the ground and ataxia (incoordinated *problem with crossing a
placement of the forelegs | movements) barrier
under the body
2 kneeling on one or both dysmetria (altered range of animal is not able to
forelegs movement) cross a barrier
3 weakness (leg dragging,
collapse upon weight
bearing)

*3-9 month old piglets were trained to cross a barrier 14x20x79 cm (HxWxL) and pigs
10 months and older were trained to cross a barrier 16x36x95 cm (HxWxL)
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S8
Total number of sperm in ejaculate of WT and TgHD minipigs
Sperm counts obtained in the samples collected from 2 WT and 2 TgHD minipig boars at

the dates indicated.

Time course of sperm countin WT and F1 TgHD boars

25.00

= WT1

=—=WT2
20.00

==TgHD2
15.00

10.00

5.00 [l

Total number of sperm in ejaculate x 10°
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Motivation of the study

Even though the most prominent phenotype in HD is degeneration of neurons in the
brain, the presence of mutant huntingtin affects also peripheral tissues, including testes.
Previosuly (Paper I), we showed reproductive failure in 13-month-old TgHD boars. Disposing
with a larger cohort of TgHD boars from F2 generation, we were interested in their
reproductive parameters. We aimed to answer a question, whether the sperm and testicular
pathology is caused by the primary effect of mutant huntingtin protein or whether it is
a consequence of hormonal changes or interruption of any coding sequence during insertion

of the lentiviral construct.

Summary

We demonstrated decreased sperm count, motility and progressivity in TgHD boars.
Reproductive failures started in the age of 13 months and persisted at a low level with ageing.
TgHD sperms showed continuous decreased ability to penetrate the oocytes. Moreover,
we revealed structural abnormalities in TgHD spermatozoa. We observed double or triple
axonemes with fused mitochondrial sheaths. Disorganized mitochondrial sheaths were
frequently associated with the proximal cytoplasmic droplets.

We noticed degenerative changes in seminiferous epithelium in the TgHD boars
at both 24- and 36-months of age. We observed apoptosis manifested by increased density and
vacuolation of cytoplasm, dilatation of endoplasmic reticulum, structural alterations of the
nuclei and swollen mitochondria in Setoli cells. Cell shrinkage, increased chromatin
condensation in the nucleus, dilatation of endoplasmic reticulum and swollen mitochondria
with defects of their internal structure were found in spermatogonia. Similar to HD patients
we observed reduced numbers of developing spermatocytes and spermatids.
Impaired spermatogenesis observed by electron microscopy was confirmed by proliferative
analysis of seminiferous tubules using the proliferative markers. 90% of TgHD seminiferous
tubules lacked primary spermatocytes even if their contained spermatogonia. Spermatogenesis
was more affected in 36-month-old TgHD boar in comparison with the age of 24 months.

As we supposed that the sperm and testicular degeneration was caused by the
expression of mtHtt, we detected the presence of mutant huntingtin protein in sperms and
testicular tisssues of TgHD boars. Next, we show no difference in levels of testosterone,
luteinizing hormone and inhibin-a levels and confirmed no direct disruption of any annotated

gene in porcine genome. Thus, we proved that demonstrated pathological phenopyte was not
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a consequence of an integration of the transgene into the porcine genome or not an effect
of altered levels of fertility-related hormones.

In conclusion, we showed that insertion of the lentiviral construct did not interrupt any
coding sequence in the porcine genome and levels of fertility-related hormones did not differ
in TgHD and WT animals. We confirmed the expression of mtHtt in degenerated sperms and
testis of TgHD boars, with a conclusion, that the decline and progressive worsening
of reproductive parameters, testicular morphological abnormalities and impaired spermato-

genesis 1s a direct harmful consequence of the expressed mutant huntingtin protein.
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Abstract

Background: Huntington's disease is induced by CAG ex-
pansion in a single gene coding the huntingtin protein. The
mutated huntingtin (mtHtt) primarily causes degeneration
of neurons in the brain, but it also affects peripheral tissues,
including testes. Objective: We studied sperm and testes of
transgenic boars expressing the N-terminal region of human
mtHtt. Methods: In this study, measures of reproductive pa-
rameters and electron microscopy (EM)images of spermato-
zoaandtestesoftransgenic (TgHD) and wild-type (WT) boars
of F1(24-48 months old) and F2 (12-36 months old) genera-
tions were compared. In addition, immunofluorescence, im-
munohistochemistry, Western blot, hormonal analysis and
whole-genome sequencing were done in order to elucidate

the effects of mtHtt. Results: Evidence for fertility failure of
both TgHD generations was observed at the age of 13
months. Reproductive parameters declined and progres-
sively worsened with age. EM revealed numerous patholog-
ical features in sperm tails and in testicular epithelium from
24- and 36-month-old TgHD boars. Moreover, immunohisto-
chemistry confirmed significantly lower proliferation activity
of spermatogonia in transgenic testes. mtHtt was highly ex-
pressed in spermatozoa and testes of TgHD boars and local -
ized in all cells of seminiferous tubules. Levels of fertility-re-
lated hormones did not differ in TgHD and WT siblings. Ge-
nome analysis confirmed that insertion of the lentiviral
construct did not interrupt any coding sequence in the pig
genome. Conclusions: The sperm and testicular degenera-
tion of TgHD boars is caused by gain-of-function of the high-
ly expressed mtHtt. © 20165, Karger AG, Basel
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Introduction

Huntington’s disease (HD) is a neurodegenerative dis-
order caused by the expansion of CAG repeat in the gene
encoding the huntingtin protein (Htt), which is expressed
in most tissues. The onset of the disease is usually in the
mid-thirties. The main target is the central nervous sys-
tem, but it has an impact on the whole body. There is no
available curative treatment to date. Even the pathogen-
esis of the disease is not well understood. Nevertheless, it
is well known that mutated Htt (mtHtt) forms cytoplas-
mic and nuclear aggregates, particularly in the cerebral
cortex, striatum and lateral hypothalamus [1]. Many ro-
dent models of HD that express either truncated or full-
length human mutant Htt display differences in the onset
and severity of phenotypes. Rodent models have collec-
tively provided valuable information related to target val-
idation and drug therapy [2-4]. However, large animal
models are expected to simulate the disease more faith-
fully and moreover enable the usage of medical tech-
niques and equipment applicable for human patients [5].

Minipigs represent a desirable model for longitudinal
safety studies and preclinical drug trials to fill the gap be-
tween rodent models and patients [6, 7]. The advantage
of minipigs is their resemblance with the human brain as
well as with the whole body in terms of size, anatomy and
physiology. There is a 96% homology between porcine
and human huntingtin genes and proteins [8] that pro-
vides further impetus to use the minipig as a model of
HD. Therefore, a transgenic minipig model was gener-
ated using microinjection of a lentiviral vector encoding
the N-terminal (1-548 aa) of human Htt containing 145
CAG/CAA repeats under the control of the human HTT
promoter [9]. The mtHtt gene with 124 glutamines was
incorporated into chromosome 1 (1q24-q25),and the ex-
pression of mtHtt was detected in numerous peripheral
tissues. Successful germ line transmission occurred
through 4 successive generations inheriting the mutation
in Mendelian ratio [9].

Even though the neurological phenotype of HD pa-
tients is the most prominent, the first sign of phenotype
development in TgHD boars of F1 generation was re-
productive failure, starting at the age of 13 months [9].
Interestingly, among all organs, the testes display the
most comparable gene expression pattern to the brain
[10]. In accordance with this finding, the expression of
mtHtt in R6/2 and YAC128 mouse models of HD results
in atrophy of the brain and testes [11-13]. Closer ex-
amination of the testes in YAC128 mice revealed disor-
ganized seminiferous epithelium and a reduced number
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of germ cells. YAC72 mice expressing mtHtt but lacking
endogenous Htt (YAC72'") revealed an even more se-
vere phenotype resulting in infertility with aspermia and
massive apoptotic cell death in the testes [14]. Also, a
detailed testes examination in HD patients documented
testicular abnormalities as well as reduced numbers of
germ cells and abnormal morphology of seminiferous
tubules [13].

The question arises whether the defect in testes is
caused by the presence of mtHtt in testes or by a defect
in neurons responsible for hormonal changes. In R6/2
mice, a secondary effect due to the decreased level of go-
nadotropin-releasing hormone (GnRH)-immunoreac-
tive neurons was suggested. Only 10% of GnRH neurons
remained in R6/2 mice by 9 weeks of age, while testicular
atrophy and infertility were detected at 12 weeks of age
together with a decrease of testosterone levels in serum
and testes [11]. Nonetheless, the direct effect of mtHtt
was not considered. On top of that, a previous paper
showed testicular atrophy in R6/2 mice by 4 weeks of age
[15], a week prior to the start of GnRH neuronal loss. In
the YAC128 mouse model, testicular degeneration de-
veloped between 9 and 12 months of age, but even at 12
months, there is no evidence for decreased testosterone
levels in urinary and plasma samples or loss of GnRH
neurons in the hypothalamus [13].

In this paper, we followed reproductive parameters of
TgHD and WT minipigboars from F1 and F2 generations
in order to describe their sperm and testicular pathology
phenotype. Furthermore, we investigated whether the
phenotype is caused by the primary effect of mtHtt. We
ruled out hormonal changes or interruption of any cod-
ing sequence during insertion of the lentiviral construct.
Here we show evidence for morphological and function-
al defects in sperm and testes over two generations of
TgHD minipigs that accrue before the neurology defects
and hormonal changes, suggesting a direct toxic conse-
quence of the expressed N-terminal mtHitt.

Materials and Methods

Animals

Transgenic minipigs with the N-terminal part of human
mtHtt [9] were studied. Transgenic boars (n = 17) and their wild-
type male controls (n = 13) were used in experiments. All compo-
nents of this study were carried out in accordance with the Animal
Careand Use Committee of the Institute of Animal Physiology and
Genetics and were conducted according to current Czech regula-
tions and guidelines for animal welfare and with approval by the
State Veterinary Administration of the Czech Republic.
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For anoverview of the animals used in experiments see supple-
mentary material SM 1 (for all online suppl. material, see www.
karger.com/doi/10.1159/000443665).

Spermatozoa Collection, Measurement of Sperm Parameters

and in vitro Fertilization Test

Semen was collected from boars of F1 (age 24-48 months, n =
4) and F2 (age 12-36 months, n = 8) generations. All samples were
evaluated using a sperm cell analyzer (Microptic, Spain) immedi-
ately after collection. The number of spermatozoa per ejaculate
and the motility and progressivity of the spermatozoa were as-
sessed. Invitro fertilization tests were done as previously described

(9.

Preparation of Testicular Tissue

Testicular tissue was obtained from boars of F2 generation aged
24 (n = 2) and 36 months (n = 4). Animals were perfused under
deep anesthesia with cold PBS. The tissue of the right testis was
fixed in 4% paraformaldehyde followed by cryoprotection in 30%
sucrose in 0.1 M PBS and used for immunohistochemistry and
electron microscopy (EM). The tissue of the left testis was used for
SDS-PAGE and Western blot.

Electron Microscopy

Small blocks of testicular tissue and ejaculate samples were fixed
in 300 mM glutaraldehyde (Sigma-Aldrich) in 100 mM cacodylate
buffer for 2 h at room temperature (RT), washed in the same buffer
and postfixed in 40 mM osmium tetroxide (Polysciences) in 100
mM cacodylate buffer for 1 hat RT. Samples of testicular tissue were
embedded in araldite resin (Durcupan ACM; Sigma-Aldrich) after
rinsing in cacodylate buffer and dehydration in ethanol. Ejaculate
samples were embedded in agar blocks, dehydrated in ethanol and
embedded in araldite resin (Durcupan ACM; Sigma-Aldrich).

For immunohistochemical analyses, samples of ejaculate were
washed in PBS and fixed in 4% paraformaldehyde with 0.1% glu-
taraldehyde in PBS. The samples were embedded in agar blocks,
dehydrated in ethanol and embedded in LR white resin (Sigma-
Aldrich). Samples were incubated with mouse anti-polyglutamine
monoclonal primary antibody (MAB1574; Millipore; 1:50) over-
night at 4°C. Then the sections were rinsed in PBS and incubated
withanti-mouse [gG-Gold antibody (10 nm gold particles; G7652;
Sigma-Aldrich; 1:40) for 2 h at RT.

In all of the EM analyses, 60-nm-thick sections were cut using
a Leica EM UC6 ultramicrotome and stained with uranyl acetate
and lead citrate. Sections were examined under an FEI Morgagni
268D electron microscope (FEI Company, The Netherlands) at 70
kV.

Immunofluorescence and Immunohistochemistry

Spermatozoa were spotted onto clean slides using cytospin
(800 g, 5 min). Spermatozoa were fixed and permeabilized with
ice-cold absolute methanol for 5 min and then with acetone for
30 s. Slides were blocked with 5% goat serum and 5% milk for 30
minat RT. Sections were incubated with mouse anti-polyQ mono-
clonal antibody (3B5H10; Sigma Aldrich; 1:500) for2 h at4°C, and
then Alexa Fluor 488-conjugated goat anti-mouse antibody
(A21424; Invitrogen; 1:500) was applied for 1 h at RT. DAPI was
added to the mounting medium.

Frozen testicular tissue was cut using a Leica CM 1950 cryostat.
Testicular sections (5 pm thick) were mounted on slides coated
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with 2% (3-aminopropyl) triethoxysilane in acetone (Sigma-Al-
drich). Slides were heated for 10 min at 0.7 bar overpressure in
0.01 M sodium citrate buffer (pH 6.0) using a pressure cooker (Ste-
ba, Germany) for antigen retrieval. Sections were blocked with
10% goat or donkey serum and stained with mouse anti-PCNA
monoclonal antibody (ab29; Abcam; 1:2,000) and rabbit anti-Ki67
monoclonal antibody (abl6667; Abcam; 1:1,000) or rabbit anti-
Htt monoclonal antibody (EPR5526; Abcam; 1:250) overnight at
4°C. Sections stained with EPR5526 were further treated with Al-
exa Fluor 647-conjugated goat anti-rabbit antibody (Amersham;
1:500) for 1 hat RT and followed by mounting medium containing
DAPI. Other sections were incubated with sheep anti-mouse bio-
tinylated antibody or donkey anti-rabbit biotinylated antibody
(Amersham; 1:200) for 1 h at RT followed by incubation with an
avidin-peroxidase complex (Vector ABC Elite) and 3,3'-diamino-
benzidine tetrahydrochloride (DAB; Sigma) chromogen. Sections
were dehydrated in graded ethanol, cleared in xylene and then cov-
erslipped using DPX. Slides were digitalized using a scanning mi-
croscope (Olympus BX) and images were edited using V5-120
software. Statistical analyses were performed using GraphPad
Prism 5.0 software (one-way ANOV A with Duncan’s post hoc
test). PCNA-positive and Ki67-positive cells were counted in 20~
30 seminiferous tubules per animal.

SDS-PAGE and Western Blot

Testes were homogenized in liquid nitrogen using a mortar.
Spermatozoa and homogenized testes were lysed in RIPA buffer
(150 mm NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mm
Tris-HCI pH 8, inhibitors of phosphatases and proteases), soni-
cated, and centrifuged at 10,000 gfor 10 min at 4°C. Samples (20
ng of total protein) were loaded onto 3-8% Tris-acetate gel
(EA03755; LifeTech) and run at 150 V. Gel was transferred onto
nitrocellulose membrane (IB301001; LifeTech) at 250 mA. Mem-
branes were blocked in 5% skimmed milk, and probed overnight
with anti-Htt antibody (EPR5526; Abcam; 1:30,000 or ABI1; Sigma
Aldrich; 1:000), or anti-polyQ antibody (3B5H10; Sigma Aldrich;
1:3,000), tubulin staining was used as loading control (anti-tubu-
lin; Sigma Aldrich; 1:10,000). Secondary antibody conjugated
with HRP (anti-mouse, 711-035-152; Jackson ImmunoResearch;
1:10,000 or anti-rabbit, 711-035-152; Jackson ImmunoResearch;
1:10,000) was used. Light reaction was induced by ECL (RPN2232;
GE Healthcare) and the signal was captured on CL-Xposure films
(34091; Thermo Scientific).

Hormonal Assay

Blood samples were collected 5 times from age-matched TgHD
(n=15) and WT (n = 8) boars (aged 7-30 months). The samples
were allowed to dot for 60 min at RT, and centrifuged twice
(1,500 g, 10 min, 4°C). Serum levels of testosterone, luteinizing
hormone (LH) and inhibin-a were determined by commercial
ELISA kits (CSB-E06796p, CSB-E06791p, CSB-E12870p, CSB-EL-
011718PI; CUSABIO, Wuhan, China). All measurements were
performed in duplicate and according to the manufacturers’ pro-
tocols. Statistical analysis was done using the Kolmogorov-
Smirnov normality test followed by the unpaired t test.

Jumping Library Whole-Genome Sequencing

Customized sequencing libraries were constructed based on
published protocols [16] and sequenced with paired-end 50-bp
reads on an [llumina HiSeq2500. Library barcodes were demulti-
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Fig. 1. Sperm parameters. a Sperm count in the semen samples of
TgHD boars from F1 generation collected at the age of 25-36 and
37-48 months was significantly decreased in comparison with
control animals. b Number of sperms in ejaculate of F2 TgHD
boars collected at the age of 13-24 and 25-36 months was also
lower in comparison with their WT littermates. Motility of the
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sperms was decreased in both F1 (c) and F2 (d) generations in all
tested ages. Also, progressivity of the sperms was lower in TgHD
animals from F1 (e) and F2 (f) generations. Data were analyzed
using the Kolmogorov-Smirnov normality test followed by the
Mann-Whitney U test. p < 0.05 was considered significant.
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Fig. 2. Sperm penetration ability. a The ability to penetrate into
oocytes is decreased in sperms of F1 boars at the age of 23-30
months, and also at the age of 34-41 months. The most striking
difference in the penetration ability between WT and TgHD F2
boars was at the age of 23-30 months. b Such alterations were ob-

plexed with CASAVA v1.7. Read quality was assessed with FastQC
v0.11.2 (http://www.bioinformatics.babraham.ac.uk). Quality and
adapter trimming was performed with TrimGalore v0.3.7 (http://
www.bioinformatics.babraham.ac.uk). Reads were aligned to a
modified version of Sus scrofa reference genome assembly Sscro-
fa10.2.74 (GCA_000003025.4; http://www.ensembl.org/Sus_scro-
fa) that induded the full pHIV1-HD548aa-145Q vector sequence.
Reads were aligned with BWA-backtrackv0.7.10-r789 [17]. Dupli-
cates were marked with Picard Tools MarkDuplicates v0.1.111
(http://picard.sourceforge.net). All alignment manipulations, in-
cluding sorting and indexing, was performed with sambamba
v0.4.6 [18]. Alignment quality was assessed using Picard Tools,
Samtools v1.0 and BamTools v2.2.2 [19, 20]. All chimeric read
pairs mapping from endogenous reference sequences to the trans-
gene or vector backbone sequences were isolated and clustered us-
ing our published algorithms BamStat and ReadPairCluster [21-
23]. An independent algorithm, DELLY, was used to corroborate
integration sites detected by principal methods [24]. Actual se-
quences of the integration junctions were determined by PCR and
Sanger sequencing.

Results

Sperm Pathology of T¢HD Boars

We showed altered reproduction parameters in 2
TgHD boars of F1 generation starting at the age of 13
months [9] as a potential HD phenotype in our porcine
model. However, detailed analysis of a larger cohort of
animals was needed to investigate the basis for the decline

Testicular Pathology in TgHD Minipigs

served as well in animals from F2 generation who reached the age
of 11-18 months (p = 0.0608). Each penetration test was repeated
at least 5 times. Data were analyzed using the Kolmogorov-
Smirnov normality test followed by the Mann-Whitney U test. p <
0.05 was considered significant.

in fertility. We provided evidence on sperm reproductive
parameters of TgHD and WT boars from F1 (24-36
months old) and F2 (12-36 months old) generations. An-
imals in the compared groups did not yet vary in weight,
size or their motor movements.

Semen of TgHD and W'T animals was collected and
characterized using a sperm cell analyzer. Sperm count,
motility and progressivity were evaluated. All parameters
measured in semen samples of TgHD boars significantly
decreased at around 13 months in both generations
(fig. 1) and persisted at a low level with increasing age. In
vitro fertilization tests showed a continuous decreased
ability of TgHD sperms to penetrate the oocytes (fig. 2).

EM analysis of semen samples revealed altered mor-
phology of spermatozoa between TgHD and WT boars.
Structural anomalies of spermatozoa were much more
numerous in TgHD samples. These abnormalities were
more pronounced in the F2 generation. Nearly all the
spermatozoa of TgHD animals of F2 generation had a cy-
toplasmic droplet (most often proximal; fig. 3a). Severe
structural alterations in TgHD spermatozoa were local-
ized mainly in the connecting piece and midpiece of the
tail. Abnormalities were manifested as deformation of the
mitochondrial sheath in the tail midpiece and also other
tail structures. Common findings were folded or coiled
tails, and sometimes a double or triple axoneme with
fused mitochondrial sheaths (fig. 3b, d). Deformity of the
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Fig. 3. Fresh ejaculate of TgHD boar. RB =
Residual bodies; N = neck. a Spermatozoon
with proximal cytoplasmic droplet (aster-
isk) and residual bodies. b Spermatozoon
with cytoplasmic droplet and double neck
and tail structures (arrows). ¢ Fully de-
formed spermatozoon. d A tail of a sper-
matozoon with triple axoneme and fused
mitochondrial sheaths. e Connecting piece
of tail of a spermatozoon with multiple and
totally disorganized axoneme and mito-
chondrial sheaths (asterisk). f Immunocy-
tochemical reaction. 10-nm gold particles
(arrows) indicate the presence of polyglu-
tamine-containing proteins.

nucleus associated with incomplete chromatin condensa-
tion and abnormal acrosome occurred occasionally
(fig. 3c). Instability of acrosomes was in some cases man-
ifested by a precocious acrosomal reaction. Proximal cy-
toplasmic droplets were often associated with disorga-
nized mitochondrial sheaths (fig. 3e). In the F2 genera-
tion, there was a total absence of residual bodies in the
ejaculate.

250 Neurodegener Dis 2016;16:245-259
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Testicular Pathology of TgHD Boars

After having demonstrated the sperm pathology of
TgHD boars, we sacrificed one pair of 24-month-old and
2 pairs of 36-month-old animals from the F2 generation
to perform the morphological analysis of testes.

At the age of 24 months, degenerative changes in sem-
iniferous epithelium were more frequent in the TgHD
boar in comparison with the wild-type one. Apoptosis
was seen in supporting Sertoli cells as well as cells of sper-

Macakova et al.
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Fig. 4. Seminiferous epithelium of TgHD
boar at the age of 24 months. Se = Sertoli
cell undergoing apoptosis; N = nuclear
structure; Sp = spermatocyte; L = lipid
droplet; Sg = spermatogonia. a Sertoli cell
undergoing apoptosis - increasing cyto-
plasm density, vacuolation, altered nuclear
structure, Note spermatocyte and large lip-
id droplet. b Spermatogonia undergoing
apoptosis. Note basal lamina (arrow). ¢ De-
generated spermatocytes (arrows). Note
largelipid droplet. d Spermatogonia with 3
nuclei. Note basal lamina (arrow).

matogenic lineage. Degeneration of Sertoli cells was char-
acterized by increased density and vacuolation of cyto-
plasm, dilatation of endoplasmic reticulum, structural al-
terations of the nuclei and swollen mitochondria (fig. 4a).
Degeneration of spermatogonia was manifested by cell
shrinkage, increased chromatin condensation in the nu-
cleus, dilatation of endoplasmic reticulum and swollen
mitochondria with defects of their internal structure
(fig. 4b). In addition, other cells ofthe spermatogenic lin-
eage were gradually degenerated (fig. 4c). Strongly re-
duced epithelium of the seminiferous tubules, restricted
to the Sertoli cells, spermatogonia and the sparsely occur-
ring spermatocytes and spermatids were occasionally ob-
served. Multinucleated spermatogenic cells including
spermatogonia (fig. 4d) were frequently recognized. The
thick basal lamina was made up of severallayers (2-3lam-
inae densae).

At the age of 36 months, the rate of degenerative
changes in the testicular samples of 2 transgenic individ-
uals was different. The changes were less pronounced in

Testicular Pathology in TgHD Minipigs

boar K104 than in boar K63 and resembled those of a
TgHD boar at the age 24 months. Morphology of semi-
niferous tubules in boar K63 showed a significant reduc-
tion of spermatogenesis. In some of the tubules, sper-
matogenesis was preserved (but only to a limited extent;
(fig. 5a); other tubules contained only Sertolicells (fig. 5b).
In the tubules with preserved spermatogenesis, the de-
generative changes were detected in both Sertoli cells
(fig. 5d) and spermatogenic elements, including the sper-
matogonia. Degenerative changes exhibited characteris-
tics typical for early or advanced apoptosis - the increased
density of cytoplasm associated with its vacuolization,
swollen mitochondria, dilated endoplasmic reticulum
and clumps of heterochromatin in the nucleus. The basal
lamina was thick and made up of several layers (2-3 lam-
inae densae). Tubules without spermatogenic cells were
lined with Sertoli cells exclusively, which, unlike the tu-
bules with preserved spermatogenesis, hold signs of de-
generation only in exceptional cases. Sertoli cells con-
tained extremeamounts of endoplasmic reticulum, which

Neurodegener Dis 2016;16:245-259
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Fig. 5. Seminiferous epithelium of TgHD
boar at the age of 36 months. SC = Sertoli
cell; Sp = spermatids; L = lumen of tubule;
ER = endoplasmic reticulum; N = nucleus
of Sertoli cell; MF = myofibroblasts; LC =
Leydig cells. a Preserved but reduced sper-
matogenesis. Note Sertoli cells and sper-
matids. b Seminiferous epithelium con-
taining only intact Sertoli cells, with no
spermatogenic elements. Note basal lami-
na (arrow) and lumen of tubule. ¢ Sertoli
cells of the same tubule - concentric cister-
nae of endoplasmic reticulum in apical cy-
toplasm. d Sertoli cell undergoing apopto-
sisina tubule with preserved spermatogen-
esis. Note nucleus of Sertoli cell. e Basal
part of a Sertoli cell with Charcot-Béttcher
crystal (asterisk). Note split and undulated
basal lamina (arrows). f The lamina propria
of a tubule with absent spermatogenesis.
Note myofibroblasts. Numerous Leydig
cells occupy extended areas adjacent to the
tubule.

often formed concentrically arranged cisternae (fig. 5¢).
Structures, known as Charcot-Béttcher crystals, were of-
ten observed in these cells (fig. 5e). The basal lamina was
made up of several layers (up to 6 laminae densae) and
was strongly undulated (fig. 5e), probably as a result of
tubules diameter reduction in the absence of spermato-
genic elements.

At both ages, 24 and 36 months, the lamina propria of
seminiferous tubules was made up of 1-2 layers of myo-
fibroblasts and occasionally occurring fibroblasts (fig. 5f).

252 Neurodegener Dis 2016;16:245-259
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No differences were found in comparison with the con-
trol animals of the same age. Numerous Leydig cells oc-
cupying extended areas adjacent to the tubules were pres-
ent in the interstitium. Their number, location and mor-
phology were identical in both TgHD and WT animals,
regardless of age (fig. 5f).

An immunohistochemical cell proliferation assay de-
tecting Ki67 and PCNA expression was performed in or-
der to determine the mitotic activity of spermatogonia.
Ki67 protein is expressed only in the nuclei of spermato-
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Fig. 6. Proliferative analysis. PCNA (a-c) and Ki67 (d-f) staining
revealed decreased number of spermatocytes (c) and spermatogo-
nia (f) in seminiferous epithelium of the TgHD boar (K63) at the
age of 36 months. g, h The number of spermatogenic cells of the
TgHD boar (K63) was significantly decreased compared with the
WT boar (p < 0.05). Seminiferous tubules of the 24-month-old (b)
and 36-month-old (e) transgenic boars showed similar staining of

Testicular Pathology in TgHD Minipigs

spermatogenic cells to WT (a, d). h The exception is testicular tis-
sue from TgHD boar K104, in which spermatogonia (Ki67-posi-
tive cells) were determined in a significantly reduced number of
seminiferous tubules compared with WT. Scale bars = 50 pm (20
pm in insets). Results were plotted as mean + SD of positive cells
per seminiferous tubule. p < 0.05 was considered significant.
* p=0.0151; ¥ p < 0.0001.
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Fig. 7. Presence of Htt in spermatozoa
cells. a, b Immunofluorescence dotted sig-
nal of the polyglutamine-containing pro-
teins (3B5H10 antibody, yellow; color in
online version only) was detected along
whole spermatozoa tail of TgHD boars (b)
but not in WT cells (a). Scale bar = 20 pm.
¢ Western blot analysis detected endoge-
nous (Htt) and transgenic (mtHtt) hun-
tingtin by EPR5526 antibody, specific to
N-terminal part of huntingtin. Poly(Q an-
tibody (3B5H10) as well as Htt antibody
(EPR5526) detected fragments of mtHtt.

mtHtt
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Htt
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\?\Q \‘.\'\ \?S) \‘S\

kDa
460

mtHtt
~— (polyQ-3B5H10)

=€— Fragmented
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A

gonia, while PCNA occurs also in the nuclei of primary
spermatocytes in normal seminiferous epithelium [25] -
90.86% (726/799) of seminiferous tubules lacked PCNA-
positive cells and 90.08% (745/827) of seminiferous tu-
bules contained no Ki67-positive cell in the testis of the
36-month-old TgHD boar (K63; fig. 6a—f). Spermatogo-
nia serve as stem cells in the process of differentiation to
spermatozoa, and their proliferative activity secures nor-
mal spermatogenesis. That means that impaired sper-
matogenesis involved 90% of seminiferous tubules. These
results confirmed impaired spermatogenesis observed by
EM (as indicated above). The remaining 10% of seminif-
erous tubules contained spermatogonia and spermato-
cytes stained by anti-PCN A and anti-Ki67 antibodies, but
their number was significantly reduced in comparison
with the seminiferous tubules of a WT boar. A significant
decrease in the quantity of spermatogonia was also ob-
served in the testis of the other TgHD boar at the age of
36 months (K104) in comparison with the WT one. [t
suggested that the spermatogonial proliferation was re-
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duced in TgHD boarsat theageof 36 months (n =2, K104
and K63). No difference was found in the testes of the
24-month-old TgHD boar (K8; fig. 6g, h).

Sperm and Testicular Degeneration: The Direct Effect

of mtHtt

Supposing that sperm pathology is caused by the toxic
effect of mtHtt, experiments showing localization and ex-
pression of mtHtt were done. The presence of the polyglu-
tamine-containing proteins was observed in structures in
the spermatozoa tail of TgHD boars using 10-nm gold
particles examined under EM (fig. 3f). This finding was
confirmed by a dotted immunohistochemical signal de-
tected along the whole spermatozoa tail in all tested ages
of F1- and F2-generation TgHD boars (but not in W'T
controls) using 3B5H 10 (anti-N-terminal fragment of 171
aa of human Htt with 65Q) antibody (fig. 7a). Western
blot analysis using EPR5526 (anti-N-terminal fragment of
Htt) confirmed highly abundant mtHtt and a slightly low-
er level of endogenous Htt in spermatozoa (fig. 7b). In ad-
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TgHD atrophic

a Blank

Fig. 8. Expression of Htt in testes. M = Myoid cells. a Total hun-
tingtin protein was visualized immunohistochemically with
EPR5526 antibody in sections of WT and transgenic (TgHD) por-
cine testis. EPR5526 (red; color in online version only) was de-
tected in seminiferous epithelium demarcated by seminiferous tu-
bule basement membrane (dashed line) and lumen (asterisk). My-
oid cells were negatively stained. Cell nuclei were counterstained
with DAPI(blue). Prominent Sertoli cell nuclei (arrowheads) pres-
entin atrophic seminiferous tubule (TgHD atrophic) documented
the loss of germ cells. Blank, W'T testis section stained only with
A647-conjugated secondary antibody. Scale bar = 20 pm. b West-
ern blot analysis of testis; representative sample shown. Anti-AB1
antibody detected endogenous Hitt, transgenic mtHtt and frag-
ments.

dition, anti-polyQ antibody (3B5H10) as well as anti-hun-
tingtin antibody (EPR5526) revealed a fragmented form
of mtHtt, which was reported to cause cellular toxicity
[26]. Sperm samples from all tested ages in both genera-
tions (F1, F2) were analyzed, and no significant change in
expression between samples was detected (only represen-
tative data from two pairs of samples are shown; fig. 7).

Consequently, we looked at Htt localization in TgHD
and WT seminiferous tubules from testes of 24- and
36-month-old boars. The signal was widely spread in
spermatogenic and Sertoli cells in normal as well as in the
atrophic seminiferous tubules (fig. 8a). Western blot
analysis showed a high expression of mtHtt form com-
pared with endogenous Htt. The huntingtin antibody
also revealed fragmented forms of mtHtt that may con-
tribute to toxicity of the transgene (fig. 8b).
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In order to eliminate the neuronal effect on the tes-
ticular phenotype, levels of fertility-related hormones
were measured in the blood serum of two age groups: 7-
to 17-month-old TgHD (n = 14) and WT (n = 9) boars,
and 15-30-month-old TgHD (n = 11) and WT (n = 6)
boars. Levels of testosterone, LH and inhibin-a were an-
alyzed (see online suppl. material SM 2). No significant
difference was observed between TgHD and W'T ani-
mals.

Mapping the HIV1-HD-548aaHTT-145Q Transgene

Integration

To detect anyand all sites of vector integration into the
pig genome in the transgenic lineage, we performed long-
insert jumping library whole-genome sequencing of
transgenic animals from FO (founder female) and F2 gen-
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erations in comparison with a negative control. This
method, which involves sequencing the ends of genomic
DNA fragments after circularization and size reduction,
has previously been shown to be an effective platform for
vector integration site discovery in transgenic sheep and
mice [21]. Whole-genome sequencing of jumping librar-
ies prepared from random fragments (mean size 3.6 kb)
resulted in an average of 65.5x coverage of mapped in-
serts across each base in the haploid genome for all 3 an-
imals. The paired-end reads were examined for the signa-
ture of vector integration into the genome: chimeric frag-
ments consisting of pig genomic sequence on one end
and a portion of the introduced vector/transgene on the
other. No integrations were detected in the negative con-
trol genome, while a single identical vector integration
was detected in each of the FO and F2 generations of
TgHD animals. As suggested previously from FISH anal-
ysis, the integration occurred into chromosome 1q [9].
The jumping library analysis revealed that 5.3 kb of the
HIV1-HD-548aaHTT-145Q vector DNA integrated as
expected via the HIV LTR sequences and harbored anin-
tact HD-548aaHTT145Q expression cassette. Sanger se-
quencing of the junctions with genomic DNA showed
that the integration was in reverse orientation relative to
the genomic sequence, between chrl 228,641,631 and
228,641,637, with loss of the 5 intervening bases of ge-
nomic DNA. This integration does not directly disrupt
any annotated gene, and no further breakpoint or inte-
gration complexity or other genomic rearrangement was
apparentat the resolution of the jumping library sequenc-

ing.

Discussion

In this study we described sperm and testicular degen-
eration, which is a result of the presence of mtHtt protein
in the testes of transgenic minipig boars expressing the
N-terminal part of human mtHtt. Cohorts of TgHD and
their WT controls of F1 and F2 generations were directly
compared.

Previous studies on HD rodent models showed male
sterility that was assumed to be due to areduction of sper-
matozoa [15]. We confirmed this phenotype in a large
animal model of HD, the minipig. Additionally, we re-
ported both the reduction of spermatozoa and also their
function measured by motility, progressivity and in vitro
penetration assay. Spermatozoa of TgHD boars had se-
vere problems to penetrate the minipig oocytes. The dif-
terence in values of sperm parameters was evident at 13
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months and worsened with age. A comparison of animals
from F1 and F2 generations of the same age (25-36
months) showed slightly worse values of all observed pa-
rameters in the F2 generation. There was also a wider
variability of sperm parameters in the F2 generation,
probably caused by a larger cohort of animals in the F2
group. Furthermore, EM analysis revealed deformation
of the mitochondrial sheath in the tail midpiece of TgHD
spermatozoa. Folded or coiled tails and a double or triple
axoneme with fused mitochondrial sheaths were also ob-
served. This can be caused by a failure of the disjunction
of excess cytoplasm, which results in the presence of cy-
toplasmic droplets. This phenomenon, together with
spermatozoa motility dysfunction, can be related to a de-
crease of mitochondrial energetic metabolism and func-
tional impairment of respiratory chain complex II (un-
published observations). Occasionally, nucleus deforma-
tion associated with incomplete chromatin condensation
and abnormal acrosome occurred in transgenic sperma-
tozoa (but not in WT controls). These abnormalities were
more pronounced in the F2 generation. Moreover, nearly
all the spermatozoa of TgHD animals of the F2 generation
contained a cytoplasmic droplet, and their ejaculate
lacked residual bodies.

The testicular degeneration reported here is in agree-
ment with observations in mice (R6/2 and Yac72) [14,
15], as well as in postmortem samples from humans
[13]. Multinucleated spermatogenic cells were fre-
quently present in the seminiferous epithelium of 24-
and 36-month-old TgHD boars. The spermatogonia
were shrunk and had dilated endoplasmic reticulum,
swollen mitochondria and condensed chromatin in the
nucleus. Spermatocytes and spermatids were observed
occasionally. Reduced numbers of developing sper-
matocytes and spermatids were also observed in HD pa-
tients [13] and YAC128 mice [27]. Some tubules con-
tained only Sertoli cells. Sertoli cells were characterized
byincreased density and vacuolization of the cytoplasm,
dilatation of endoplasmic reticulum, structural altera-
tions of the nuclei and swollen mitochondria. These are
teatures typical for early or advanced apoptosis. More-
over, proliferative analysis of seminiferous tubules with
elongated spermatozoa showed fewer cells expressing
the proliferative markers PCNA and Ki67 in TgHD an-
imals. The apoptotic nature of the cell death in a large
number of degenerating spermatids with diffuse cyto-
plasmic vacuolization, condensed nuclei and electron-
dense cytoplasm which were phagocytized and degrad-
ed by Sertoli cells was also observed in a mouse model
lacking endogenous huntingtin YAC727/~ [14]. Similar-
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ly, seminiferous tubules of YAC128 were disrupted by
large vacuoles [27]. In addition, the seminiferous tubule
wall was thickened in HD patients [13]. In the TgHD
minipig, the thick basal lamina was made up of several
layers (2-3 laminae densae) compared with the WT
minipig. At the age of 36 months, spermatogenesis was
more affected in comparison with the age of24 months.
Sertoli cells contained extreme amounts of endoplasmic
reticulum and structures known as Charcot-Bottcher
crystals. The basal lamina was made up of several layers
(up to 6 laminae densae) and was strongly undulated,
resulting probably from a reduction of the diameter of
the tubules in the absence of spermatogenic elements.
The rate of degenerative changes in the testicular sam-
ples of the 2 transgenic boars at the age of 36 months
was different. The changes were less pronounced in
boar K104 than in boar K63 and resembled those of the
TgHD boar at the age 24 months. Boar K63 also showed
more change insperm parameters, including atrophy of
seminiferous epithelium and impaired spermatogene-
sis. The difference in severity of pathology between age-
matched boars might be a consequence of variation in
the progression of the disease and genetic background
of individual minipigs. The age of onset of HD depends
on CAG length (around 70%), but also on other factors
like polymorphism, modifier genes, etc. (30%) [28, 29].
We suggest that polymorphisms of proteins interacting
with huntingtin could contribute to different degrees of
testicular degeneration between transgenic boars of the
same age.

After demonstrating testicular abnormalities we in-
tended to clarify the reason for the pathological pheno-
type. We focused on the design of the transgenic minipig
model. The number of CAG repeats was chosen in order
to expect an earlier phenotype. This number of repeats
imitates juvenile HD in patients. It has an earlier onset
and faster progress, but the disease has the same charac-
teristics as the adult form. Mixed CAG/CAA repeats, in-
stead of just CAG, were used to increase the stability of
the insert. This has been used in several rodent models
(YAC128, BACHD mice) that also showed the phenotype
[30, 31]. Therefore, the design was nota problem. Wealso
checked whether the insertion of the lentiviral construct
did not interrupt any coding sequence in the pig genome.
Since the result was negative, the question was whether
the defect in the testes was due to the expression of
mtHtt or as a result of changed levels of fertility-related
hormones.

There is evidence that the expression of mutant Htt
leads to selective cellular dysfunction and degeneration

Testicular Pathology in TgHD Minipigs

[32]. The most affected cells are neurons. However, we
also provided data for spermatozoa degeneration and tes-
ticular dysfunction in a minipig model of HD. We showed
a high and stable expression of endogenous Htt as well as
the transgenic N-truncated mutant form of human Htt in
spermatozoa as well as in spermatogenic and Sertoli cells,
and also in the atrophic seminiferous tubules of TgHD
testes. In addition, we detected fragments of mtHtt in
spermatozoa as well as in testes. It hasbeen published that
smaller fragments of mtHtt cause cellular toxicity and in-
duce apoptosis [33, 34]. Furthermore, mutant N-terminal
Htt fragments were also detected in tissues from HD pa-
tients and mouse models in the presymptomatic stage,
suggesting their role in the progression of HD [35-37].
These facts also support our statement that the N-termi-
nal part of human mtHtt causes testicular pathology in
transgenic minipig boars.

Although testicular degeneration in HD is well de-
scribed in mouse models (R6/2 and YAC128), it is not
clear whether this phenotype is independent or a conse-
quence of alterations of the hypothalamic-pituitary-go-
nadal axis (GnRH). A significant loss of GnRH neurons
starting from 5 weeks ofage followed by decreasing levels
of plasma testosterone at 12 weeks of age was found in
R6/2 mice [11], while testicular atrophy without concom-
itant loss of GnRH neurons was described in a YAC128
mouse model [13]. An analysis of testosterone levels in
YACI128 mice did not reveal any significant difference
compared with controls, even when testicular atrophy
wasalready present [13]. Furthermore, testosterone treat-
ment had no effect on the peripheral phenotype of HD,
e.g. body weight loss or motor function in R6/2 mice [11].
An analysis of complete neuroendocrine status in HD pa-
tients showed no significant difference in the plasma lev-
els of LH, FSH and testosterone between all male HD pa-
tients and controls [38]. However, Markianos et al. [39]
observed significantly lower testosterone and LH levels in
HD patients compared with healthy controls. These con-
flicting results suggested a detailed hormonal analysis of
our porcine model. We observed no significant difference
in the levels of fertility-related hormones between TgHD
and control boars, and no changes in libido were ob-
served during regular collection of semen. Moreover, in
the interstitium, the number, location and morphology of
the Leydig cells were identical regardless of the age or
genotype of the animal, and no differences were found in
the lamina propria of seminiferous tubules of the TgHD
boars in both ages compared with WT controls. Similarly,
unaffected Leydig cells were observed between degener-
ating tubules of stromal interstitial tissue in YAC727/
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mice [14]. Our results support the idea that testicular de-
generation and fertility defects are related to mtHtt ex-
pression in testes and not to peripheral hormonal
changes.

In conclusion, we demonstrated a failure in sperm pa-
rameters and extensive testicular pathology in a minipig
model of HD. We showed that insertion of the lentiviral
construct did not interrupt any coding sequence in the
pig genome and suggest that the testicular defect was
caused by the presence of mtHtt and its fragmented cyto-
toxic form in testicular tissue, since hormonal changes
were not measured between TgHD boars and their WT
controls.
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SUPPLEMETARY MATERIAL
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SM 1. Pedigree diagram of the minipigs in this study. Black boxes represent transgenic
animal. Paternity is not clear in K54, K103, K104 and K162 boars. Their father is G117
or G118 TgHD boar. Date of birth (*). F1 generation (F1). F2 generation (F2).
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SM 2 Hormonal assay. Levels of Testosterone, Inhibin A, and Luteinizing hormone were
compared in TgHD boars and age-matched controls. No significant changes were found.
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Motivation of the study

Mutant huntingtin is proteolyticly cleavaged and N-terminal fragments cause
neurotoxicity consistent with the disease progression. Fragments of mtHtt cluster into
misfolded conformers and stepwise form aggregates. Aggregates instigate responses
of inflammatory an immune apparature of central nervous system represented by microglia
and astrocytes. Activated microglia predicts the onset of symptoms of HD. Hence, we were
interested in wheather we could detected mtHtt aggregates in brains of 24-month-old

minipigs. At this age, our pigs are considered to reach adult body and brain size.

Summary

We confirmed age-dependent fragmentation of endogenous as well as mtHtt in both
brain and peripheral tissues. Three of the fragments were specifically enriched only in TgHD
tissues and were mostly detectable in testes and caudate nucleus. As manifestation of HD
brings diverge in Htt and mtHtt cellular localization, with the mtHtt fragments translocated
into the nucleus, we fractionated lysates from testes and cortexes. We detected one of the
specifically enriched (71 kDa) fragments in nuclear fraction of TgHD testicular tissue but it
was not found in cortexes of 24-month-old animals. This could be attributed to the precedence
of the testicular phenotype prior the brain phenotype in the TgHD minipigs.

We did not detect a presence of mtHtt aggregates in 24-month-old TgHD brains.
We revealed significantly activated microglial cells and their modestly increased number
in the TgHD caudate nucleus.

Finally, we showed that expression of Acyl-coenzyme A binding domain containing 3
protein (ACBD3) which mediates the cytotoxicity of mtHtt, is slightly increased both
at mRNA and protein levels.

In conclusion, we observed age-related fragmentation of huntingtin in the brain and
testis. The highest fragmentation was found in testes, with mtHtt fragments noticeable even
in cell nuclei. Next, we showed upregulation of ACBD3 protein in testes, what was
in correspondance to the previously observed testicular degeneration (Paper II). Moreover,
activated microglial and slightly decreased myelination indicated proceeding pre-clinical

manifestation of HD.

My contribution
I participated on processing of the brain and tissues samples from sacrificed animals.

Next, I participated on WB analyses.
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Abstract

Background: Huntington disease (HD) is an incurable neu-
rodegenerative disease caused by the expansion of a poly-
glutamine sequence in a gene encoding the huntingtin
(Htt) protein, which is expressed in almost all cells of the
body. In addition to small animal models, new therapeutic
approaches (including gene therapy) require large animal
models as their large brains are a more realistic model for
translational research. Objective: In this study, we describe
phenotype development in transgenic minipigs (TgHD) ex-
pressing the N-terminal part of mutated human Htt at the
age of 24 months. Methods: TgHD and wild-type littermates
were compared. Western blot analysis and subcellular frac-
tionation of different tissues was used to determine the
fragmentation of Htt. Immunohistochemistry and optical
analysis of coronal sections measuring aggregates, Htt ex-
pression, neuroinflammation, and myelination was applied.
Furthermore, the expression of Golgi protein acyl-CoA bind-
ing domain containing 3 (ACBD3) was analyzed. Results: We

foundage-correlated Httfragmentation in the brain. Among
various tissues studied, the testes displayed the highest
fragmentation, with Htt fragments detectable even in cell
nuclei. Also, Golgi protein ACBD3 was upregulated in testes,
which is in agreement with previously reported testicular
degeneration in TgHD minipigs. Nevertheless, the TgHD-
specific mutated Htt fragments were also present in the cy-
toplasm of striatum and cortex cells. Moreover, microglial
cells were activated and myelination was slightly decreased,
suggesting the development of a premanifest stage of neu-
rodegeneration in TgHD minipigs. Conclusions: The gradu-
al development of a neurodegenerative phenotype, ac-
companied with testicular degeneration, is observed in 24-
month-old TgHD minipigs. © 2018 5. Karger AG, Basel

Introduction
Huntington disease (HD) is a currently incurable le-
thal monogenic neurodegenerative disorder with usual

manifestation between 30-50 years of age. It is caused by
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the abnormal elongation of a CAG repeat in the first exon
of the huntingtin gene (HTT). The mutated form of the
huntingtin protein (mHtt; containing more than 36
polyQ) has a devastating effect mainly on the central ner-
vous system, namely basal ganglia, but it affects the whole
body;, as it is expressed in most tissues. HD manifestation
is characterized by the presence of large inclusion bodies,
i.e, aggregates, of mHtt, accumulated primarily in the
striatum and cortex. Their presence is tightly correlated
with disease progression [1]. However, recent studies
suggest that the aggregates might have a protective role
against the mHtt effects [2, 3]. Nevertheless, soluble
monomers of mHtt, N-terminal fragments, and mHtt
oligomers were found in affected tissues and described as
toxic to cells and as a trigger of cellular dysfunction [4, 5].
Both wild-type (WT) and mHtt undergo proteolytic
cleavage, but mutated N-terminal fragments cause cyto-
toxicity, accumulate with the progression of the disease
[6-8], and their amount varies among tissues, which may
correlate with cell susceptibility to HD [8-10]. In addition
to the atrophy of medium spinal neurons, white matter
atrophy, myelin breakdown, and changes in iron homeo-
stasis are linked to HD [11, 12]. The pathogenesis of the
disease is quite complex, since mHtt has a role in several
biological processes [13, 14]. It has been reported that
Golgi protein acyl-CoA binding domain containing 3
(ACBD3) is upregulated in affected tissues of HD patients
and mice models as well as in the Q111 cell line [15],and
that elevated ACBD3 causes cell toxicity. ACBD3 is re-
leased after cellular stress during the fragmentation of
Golgi apparatus and acts as a scaffold.

Even though HD is considered a primary neurological
disease, peripheral pathologies such as skeletal and heart
muscle malfunction, increased proinflammatory signal-
ing, weight loss, and metabolic changes also play an im-
portant role in disease progression. In addition, testicular
degeneration was also observed in mice models and in
postmortem human specimens [16-18].

Animal models are useful in clarifying HD pathogen-
esis as well as in validating new therapeutic approaches.
Thus, in addition to the small-animal rodent models [19—
21], large-animal models have been introduced [22-25].
Large animal brains are a more realistic model for the
delivery issues faced with therapeutics in the clinics. The
distribution of a drug in a large brain has important im-
plications for its target engagement and eventual efficacy,
and it is a much more realistic system for human patients
in this regard.

In 2009, we developed one of the few large-animal
models for HD - a transgenic minipig (TgHD). We did

108 Neurodegener Dis 2018;18:107-119
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this by microinjecting a lentiviral vector encoding the N-
terminal (1-548 aa) part of human Htt, which contained
124 CAG/CAA repeats under the control of the human
HTT promoter [25]. Genomic analysis showed that the
construct was inserted into chromosome 1 (1q24-q25)
and did not interrupt any coding sequence in the pig ge-
nome [26]. At present, we have 5 generations of TgHD
minipigs, with an almost equal number of transgenic and
WT piglets in each litter. The first apparent defect is the
reproductive failure in each generation of TgHD boars at
13 months of age [26]. The reduced sperm count and
motility, which is a direct effect of overexpressed mHtt
in the testes, could also be related to the significant re-
duction of relative phosphodiester concentration in tes-
ticular parenchyma of 24-month-old TgHD boars [27]
and lower mitochondrial energy-generating parameters
in TgHD boars’ spermatozoa [28]. In order to obtain a
significant number of animals at a clinical stage of HD,
most of the animals are tested noninvasively. Magnetic
resonance spectroscopy analysis showed a significant de-
crease of total creatine in the brains of 24-month-old
TgHD animals [29]. Telemetric studies revealed differ-
ences in physical activity patterns of 36-month-old
TgHD compared to WT minipigs between 4:40 and 5:30

m. [30]. The oldest 2 animals, starting at 60 months,
manifested motoric defects in limbs and an increase in
anxiety behavior [unpubl. data]. Nevertheless, more
TgHD minipigs need to be studied to confirm these ob-
servations.

In this study, we have invasively analyzed various tis-
sues from 3 pairs of 24-month-old TgHD and WT mini-
pigs, the main focus being on the brain and HD markers.
Our aim was to describe the development of the disease
in this model.

Methods

Animals

TgHDswith the N-terminal part of human mHtt were studied.
The genotype was determined according to Baxa et al. [25] from
their skin after weaning. TgHD minipigs (# = 3; 2 males and 1 fe-
male) and their WT controls (n = 3; 2 males and 1 female) from F2
generations were perfused under deep anesthesia with ice-cold
PBS at the age of 24 months, plus 1 pair of 4, 6-, and 16-month-
old animals, respectively. Various tissues were isolated and stored
after being snap frozen inliquid nitrogen. The righthemisphere of
each perfused brain was directly fixed for immunohistochemistry.
The entire study was carried out in agreement with the Animal
Careand Use Committee of the Institute of Animal Physiology and
Genetics, under the Czech regulations and guidelines for animal
welfare and with the approval of the Czech Academy of Sciences,
protocol No. 53/2015.

Vidinska et al.
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SDS-PAGE and Western Blot

Tissue samples were homogenized in liquid nitrogen using a
mortar and lysed in RIPA buffer (150 mMm NaCl, 5 mMm EDTA pH
8, 0.05% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1% Triton
X-100, 50 mM Tris-HCI pH 7.4, inhibitors of phosphatases and
proteases), sonicated for 15 min, and centrifuged at 20,000 g for15
min at 4 °C. Samples (10 pg of total protein) were loaded onto
3-8% Tris-acetate gel (EA03758, LifeTech) and runat 150 V. Gel
was transferred onto nitrocellulose membrane, blocked in 5%
skimmed milk, and probed overnight with anti-HTT antibody di-
luted in 5% milk (EPR5526, Abcam, 1:3,000), anti-polyQ antibody
recognizing polyQ >39 (3B5H10, Sigma Aldrich, 1:3,000), or
ACBD3 antibody (Santa Cruz, 1:500) at 4 °C. Memcode protein
staining (LifeTech) and anti-tubulin (T4026, Sigma, 1:30,000) was
used for the normalization of loading. Secondary antibody conju-
gated with HRP (anti-mouse, 711-035-152, or anti-rabbit, 711-
035-152, both Jackson ImmunoResearch, 1:10,000) was used. The
signal was revealed by chemiluminiscence (ECL, 28980926, APC-
zech) and detected by The ChemiDoc XRS+system (Bio-Rad ). The
normalized volume intensity was measured by Image Lab 5.2.1
software. Normalization was done with total lane protein (differ-
ent tissues) or tubulin (cortexes), and the lane background was
subtracted with disk size 10.

Subcellular Fractionation

The subcellular fractionation of TgHD and WT samples was per-
formed according to Dimauro et al. [31] with some modifications.
STM buffer was replaced by TD buffer comprising 25 mm Tris pH
8.0, 2 mM MgCl,, and protease and phosphatase inhibitor cocktails.
NET buffer was replaced by BL buffer (comprising 10 mm Tris pH
8.0, 0.4 M LiCl, 20% glycerol, protease and phosphatase inhibitors).
Proteins (4 pg) from both fractions were loaded, and Western blot
analysis using anti-Htt antibody (EPR5526, Abcam, 1:3000) and
anti-tubulin (T'4026, Sigma, 1:30,000), a cytoplasmic marker as well
as nuclear marker anti-A/C-lamin (SAB4200236, Sigma, 1:2,000) to
check for the correct fractionation, was performed.

Immunohistochemistry

The right hemisphere from each animal was fixed in 4% para-
formaldehyde for 24 h and then cryoprotected with 30% sucrose
containing 0.01% sodium azide. Frozen coronal sections were pre-
pared using tissue-freezing medium (Leica, 14020108926). The
free-floating sections of a thickness of 40 um were sequentially
treated with formic acid, 0.3% hydrogen peroxide in MetOH, and
blocking serum to unmask antigens and reduce endogenous per-
oxidases and unspecific binding of antibodies. The sections were
incubated with the following primaryantibodies: anti-Htt antibody
(clone MW7 supernatant, Hybridoma Bank), anti-poly(Q antibod-
ies (clone 3B5H10, 1:1,000, P1874, Sigma, and clone 5TF1-1C2,
1:1,000, Millipore, MAB-1574) and anti-Ibal antibody (1:200, Syn-
aptic System GmbH, 234003). After washing, the sections were in-
cubated with biotinylated donkey anti-rabbit or sheep anti-mouse
secondary antibody (both 1:400, Amersham, UK) followed by the
incubation with avidin-peroxidase complex (1:400, Sigma-Al-
drich). The labeled sections by peroxidase were developed with
DAB tablets (4170, Kementec Diagnostics). Negative controls were
performed by omitting the primary antibody. Sections were finally
dehydrated in graded ethanol, cleared in xylene, and mounted in
DPX. The slides were digitalized using a virtual microscopy system
(VS-120FL, Olympus, Tokyo, Japan; 20x objective).

Phenotype Development in TgHD
Minipigs

Number and Intensity of Ibal-Positive Microglia

The whole area of the caudate nucleus (CN) was evaluated in
every coronal section image (section per animal/n = 4-5). The
overall intensity of Ibal signal was measured using KS400 image
analysis software (Carl Zeiss, Jena, Germany). From the estimated
mean intensity, gray values ranging from 0 (white) to 255 (black),
meanvalues for each animal were calculated for statistical analysis.
The area of the CN from the same coronal section image was used
to determine the number of Ibal-positive microglia. Random im-
age fields from the CN (sections per animal/n = 4-5) with a total
area of 193,000 um? (7,720,000 pm? tissue volume) were chosen for
further image analysis. Digital image processing was performed
using Fiji software followed by manual counting of 2 1,500-pixel
area abjects using the “cell counter” plugin.

Real-Time PCR

RNA was isolated from the cortex, putamen, and testes of all
pairs using Qiazol (Qiagen) and chloroform, and subsequently pu-
rified by RNeasy Plus mini-kit (Qiagen). One-step Syber Green RT
PCR amplification was performed using 1 pg of total RNA in a
reaction mixture of 15 pL. The primer set for Sus scrofa ACBD3
(109-bp amplicon) and only human HTT (73-bp amplicon) was
designed using Primer3 on the intron’s border to eliminate DNA
amplification. GAPDH, B2M, and ACTB were used as reference
genes. The reaction started with reverse transcription at 50 °C for
30 min and denaturation at 95 °C for 15 min, followed by 40 cycles
of denaturation at 94°C for 15 s, annealing at 57 °C for 30 s and
elongation at 72 °C for 30 s, followed by a melting curve experi-
ment, 50-95°C, with 0.5°C increments at 3 s/step.

Primer Sequences

ACBD3: fwd, 5'-GCCTGGAGGAGCTGTACG-3, rev, 5'-TG-
CTTATGCAGTGCCACAAG-3"; Human HTT: fwd, 5'-TCAG-
AAATGCAGGCCTITACC-3, rev, 5'-TGATTCITCGGGTCTC-
TTGC-3"; GAPDH: fwd, 5'-CGTCAAGCTCATTTCCTGGTA-
CG-3, rev, 5'-GGGGTCTGGGATGGAAACTGGAAG-3'; B2M:
fwd, 5'-AAACGGAAAGCCAAATTACCTGA-3, rev, 5'-ATCT-
CTGTGATGCCGGTTAGTG-3'; ACTB: fwd, 5-GAGAAGCT-
CTGCTACGTC-3', rev, 5'-CCAGACAGCACCGTGTTGG-3".

Statistics

All results are expressed as the mean + standard error and were
analyzed using GraphPad Prism software (GraphPad Software,
San Diego, CA, USA). The t test and one-way analyses of variance
(ANOVA) test with Bonferroni analysis as a post hoc test wereap-
plied for comparisons of the expression. The Mann-Whitney test
was used to determine the differencesin the quantity of Ibal+ cells
between the TgHD and WT groups.

Results

Fragmentation of mHtt Is Tissue Specific and

Increases with Age

In order to describe the progression of HD in TgHD
minipigs, we sacrificed 3 pairs of 24-month-old TgHD
and WT animals. Western blot analysis, using anti-Htt
and anti-polyQ (recognizing polyQ >39) antibodies,

Neurodegener Dis 2018;18:107-119
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Fig. 1. Tissue-specific fragmentation of mHtt. a Different tissues
from TgHD (TG; n =3) and WT (n = 3) 24-month-old minipigs
were run on 3-8% PAGE gel and blotted with anti-Htt antibody
(EPR5526) and polyQ antibody (3B5H10). Endogenous Hitt (348
kDa), mHtt (110 kDa), and several fragments (71, 55, and 41 kDa)
were detected, especially in TgHD tissues compared to WT. A rep-
resentative blot of 1 pair is shown. b Intensity of 3 fragments (71,
55,and 41 kDa) from blots of all pairs was normalized to the same
exposure time and the total lane protein detected by memcode us-

showed tissue-specific expression ofendogenous porcine
Htt (approx. 348 kDa), recognized only by anti-Htt anti-
body, human mHtt (approx. 110 kDa) and their frag-
ments in various tissues, namely the CN, hippocampus,
thalamus, cerebellum, cortex, putamen, heart, muscle,
and testes (Fig. 1a). We detected fragmentation in TgHD
as well as WT samples. Three of the fragments — sizes 71,

110 Neurodegener Dis 2018;18:107-119
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ing Bio-Rad Software Image Lab 5.2.1. The mean intensity value
from blots of all pairs with standard error of the mean (SEM) is
shown in the graphs. The multiple unpaired ¢ test was performed
comparing WT and TgHD tissues. ¢ The mean ratio of mHtt to
endogenous Htt expression with SEM was calculated for all tissues
and isshown together with the expression of mHTT mRNA deter-
mined by gPCR; one-way ANOVA and the Bonferroni multiple
comparison post hoc test were applied. ** p < 0.01, ** p < 0.001,
FREE p < 0.0001.

(Figure continued on next page.)

55, and 41 kDa — were enriched or specifically expressed
only in tissues from TgHD animals. The anti- polyQ anti-
body did not recognize the 41-kDa fragment, probably
due to a low number of glutamine repeats in this frag-
ment, highlighting that 71- and 51-kDa fragments are
polyQ products. These fragments were mostly detectable
in testes, but they were also present in brain tissue, main-

Vidinska et al.
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ly in the striatum and cortex. They were almost absent in
the heart and muscle (Fig. 1b). Interestingly, multiple ¢
test analysis comparing WT and TgHD samples from the
same tissue revealed a significant enrichment of the 55-
kDa fragment (p < 0.0001) as well as the 41-kDa fragment

Phenotype Development in TgHD
Minipigs

(p <0.001) in the CN, the most effected tissue in patients,
in TgHD minipig samples compared to WT. The 41-kDa
tragment was also significantly enriched in TgHD cere-
bellum (p = 0.00132), and the 71-kDa fragment was
significantly enriched in testes (p < 0.0001; Fig. 1b). Next

Neurodegener Dis 2018;18:107-119
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Fig. 2. Increased fragmentation in the cortex of 24-month-old
TgHD (TG) versus WT minipigs compared to younger animals.
a Western blot of cortexes from 1 pair of TgHD and WT animals
sacrificed at 4 months (4 m), 6 months (6 m), and 16 months (16
m), and 3 pairs at 24 months (24 m) performed with anti- Htt an-
tibody (EPR5526) and anti-polyQ antibody (3B5H10). f-Tubulin

we noticed that the expression of endogenous Htt and
mHtt varied among the different tissues. It is still unclear
whether the effect of mHitt is one of gain of function or
loss of function [32], and it is assumed that mHtt and Htt
compete for targets. Therefore, we analyzed themHtt/Htt
ratio in all tissues (Fig. 1c), detecting the highest ratio in
the testes (significance p < 0.0001). In particular, TgHD

112 Neurodegener Dis 2018;18:107-119
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was used as a loading control. b Densitometry analysis of frag-
ments normalized to the total lane protein detected by memcode
using Bio-Rad Software Image Lab 5.2.1 is shown with mean values
and SEM. One-way ANOVA and the Bonferroni multiple com-
parison post hoc test were applied. * p < 0.05.

testes from both boars expressed very low endogenous
Htt. This is in agreement with a previously reported de-
generation of testes and infertility of TgHD minipigs
startingat 13 months of age [26]. Brain tissues, especially
the CN and putamen, also showed a higher but not sig-
nificant mHtt/Htt ratio compared to muscle and heart, in
which the phenotype seems to bealways delayed. Therea-

Vidinska et al.
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son why there is the most mHtt and intense fragments in
testes could be explained by the most abundant mHTT
mRNA expression in testes compared to other tissues
(p < 0.001; Fig. 1¢).

The next question was whether the fragmentation
changes with the age of the animals. Thus, we analyzed
cortexes from 4-, 6-, 16-, and 24-month-old animals for
fragmentation using anti-Htt and anti-polyQ antibodies
(Fig. 2). We found that fragmentation increased at 24
months, which mayindicate disease progression. Consid-
ering the importance of the amount of mHtt and its forms
in nuclear versus cytoplasmic fractions in disease pro-
gression [33], we fractionated lysates from testes and cor-
texes (Fig. 3). It has been previously reported that when
neurotoxicity is manifested, Htt and mHtt diverge in cel-
lular localization, with the mHtt fragments translocating
into the nucleus [34-36]. We found that the 71-kDa frag-
ment can be detected in nuclear fractions in testes but not
in cortexes of 24-month-old animals (Fig. 3). This may be
related to the fact that the testicular phenotype precedes
the brain phenotype in the TgHD minipigs [26].

Absence of mHtt Aggregate Formation in Brains of

24-Month-Old TgHD Minipigs

Thehallmark of HD is the presence of mHttaggregates
in the brain. We performed filter retardation assay [37]
and immunohistochemical staining with various anti-Htt
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antibodies (EM-48, MW7,8,5830) to check foraggregates
in 24-month-old animals. None of the techniques with
antibodies mentioned above could reveal mHtt aggre-
gates. Inmunostaining with MW7 antibody is shown for
illustration (Fig. 4a-d, x). Using anti-polyglutamine-spe-
cific antibodies such as 3B5H10 and/or 1C2, we showed
a significant increase in polyQ signal in the brain, par-
ticularly in the CN and cortex (Fig. 4f-o, t-w); however,
no mHtt aggregates were detected at this age (Fig. 4d).
Nevertheless, the myelination in fibers of the internal
capsule (capsula interna) measured by Luxol fast blue
staining was slightly decreased (p = 0.0556) in TgHD
compared to WT (Fig. 4p-s, y).

Microglia Activation in TgHD CN

Ibal is a calcium-binding protein specifically ex-
pressed in microglia. The optical analysis of Ibal-immu-
nolabeled brain coronal sections revealed a significant in-
crease of Ibal expression (p=0.0258) in the CN of TgHD
animals compared to WT littermates (Fig. 5). This result
indicates that microglial cells in the TgHD brain are in a
more activated state. Moreover, we observed a moderate
but nonsignificant (p = 0.4) increase in the number/
amount of 21,500-pixel-sized Ibal-stained cells in the
CN of TgHD animals compared to their WT littermates
(Fig. 5).
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Fig. 4. No aggregate formation but higher mHit expression and limited demyelination in TgHD (TG) brains.
Representative images of MW7 antibody-immunohistochemical labeling recognizing Htt aggregates (a-e), 1C2-
polyglutamine antibody (f-j), 3B5H 10-polyglutamine antibody (k-o), and Luxol fast blue detecting the myelin-
ation (p-s). t-y Optical analysis of all pairs in the CN or motor cortex. * p < 0.05, *** p < 0.001; n = 3 for each
group. 24 m, 24 months.

(Figure continued on next page.)
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ACBD3 Dysregulation in Testes of 24-Month-Old

TgHD Minipigs

It has been reported that the Golgi scaffold protein
ACBD3 mediates the cytotoxicity of mHtt, and its higher
expression is associated with the disease progression. Itis
elevated in disease-affected tissues of HD patients, HD
mice, and mHtt-expressing cell lines [15]. We found that
the expression of ACBD3 in the brain was slightly de-
creased, albeit insignificantly, at the mRNA (Fig. 6a) and
in protein levels (Fig. 6b). Nevertheless, its expression was
elevated in the testes at the protein level (p = 0.058; Fig. 6a,
b). The mRNA was also elevated, but not significantly.
These findings correlate with the highest abundance of
mHtt fragments detected in the testes. It provides more
evidence that the HD phenotype in the testes precedes
neurodegeneration in this HD model.

Discussion

Recent promising HD treatments require preclinical
testing in large animals. Minipigs are a suitable species
because of their large gyrencephalic brain, adult body
weight of 70-90 kg, long lifespan, and other anatomical,
physiological, and metabolic similarities to humans [38,

Phenotype Development in TgHD
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39]. Here, we tested the phenotype development in our
24-month-old TgHD minipigs containing the N-termi-
nal part of human mHtt (548 aa, Q124). At this age, the
pigs have reached their adult size both in terms their body
and their brain; 24-month-old minipigs have also been
used in preclinical studies for proof-of-concept and safe-
ty of compound application [unpubl. data]. Therefore,
further detailed phenotypic characterizations of this
model at this age are desired.

It has been postulated that the hallmark of HD is ag-
gregate formation in the brain. In the commonly used HD
mouse models (R6/2, HdhQQ150, and zQ175 knock-in)
the proportion of neurons with aggregates is around 40-
50% [40]. Nevertheless, the percentage of neurons with
aggregates in postmortem HD patient brain samples did
not exceed 0.3% [40]. Likewise, we have not detected ag-
gregates in whole brain sections of TgHD minipigs at 24
months of age. However, we expect some in older age
since recent brain MRI data of 3 tested TgHD animals,
6-7 yearsold, showed ventricle enlargement compared to
WT minipigs of the same sex and age. Moreover, older
TgHD minipigs, starting from the age of 5-6 years, show
motoric and behavioral deficiency [unpubl. data]. Never-
theless, at 24 months we detected the accumulation of
age-dependent putative Htt fragments, with some of
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Fig. 5. Number and intensity of Ibal-positive microglia. a-e Representative images of Ibal immunohistochemi-
cal labeling of coronal sections of porcine brains, including detailed views of the CN of WT (b) and CN of TgHD
(TG) animals (d). Optical density analysis of Ibal in the CN (f), optical density analysis of Ibal in the motor cor-
tex (g), and number of microglia in the CN (h). * p < 0.05; n = 3 for each group. 24 m, 24 months.

them enriched only in tissues from TgHD animals. [t has
been reported that the fragmentation of N-terminal mHtt
causes toxicity and correlates with disease progression
[8]. We found that the fragmentation is tissue specific,
with most fragments present in the testes, followed by the
brain (particularly in the striatum and cortex); however,
we could detect almost no fragments in the heart and
muscle of TgHD minipigs. Furthermore, we detected 2
fragments (around 55 and 41 kDa) significantly expressed
only in the CN of TgHD minipigs. Although Htt is ex-
pressed in nearly all cells of the body, some tissues are
more susceptible to the presence of the mutated form
than others [41, 42]. This might be explained by the
amount of toxic fragments produced [8-10]. The first
phenotype observed in TgHD minipigs was boar infertil-
ity and testes degeneration at 13 months of age [26],

116 Neurodegener Dis 2018;18:107-119
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which is in agreement with the very high abundance of
mHtt fragments found in the testes. Our data also suggest
progression of the disease-related phenotype in the brain
of TgHD minipigs. However, the specific mHtt fragments
in the brain at 24 months were not found in the nuclear
fraction, in contrast to the testes, in which we detected the
mHitt fragments in both the cytoplasmic and nuclear frac-
tions.

Moreover, we found that microglial cells were signifi-
cantly activated and their number in the CN was in-
creased, though not significantly. It was recently shown
that activated microglia induce the production of A1 as-
trocytes. Al astrocytes fail to support growth and neuron
survival; in fact, they are toxic to neurons and oligoden-
drocytes and cause their death. Their increased produc-
tion has been described in many neurodegenerative dis-
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Fig. 6. Upregulation of ACBD3 in testes of TgHD (TG) minipigs. a Real-time PCR using ACBD3 primers and
RNA from 3 sibling pairs (24 months old, 4 boars and 2 females). Expression of ACBD3 was normalized to
GAPDH, B2M, and ACTB expression. b Western blot with ACBD3 antibody. ¢ Densitometry analysis of ACBD3
band normalized to the total lane protein detected by memcode using Bio-Rad Software Image Lab 5.2.1 pre-
sented as mean values and SEM. The multiple unpaired t test was performed comparing WT and TgHD tissues.

eases, including HD [43]. We have previously evaluated
the central nervous system immune response in our
TgHD minipigs by measuring cytokine expression in the
secretome of microglial cells and also cerebrospinal fluid
(CSF). CSF can reflect optimal changes in the brain tis-
sue, leading us to use it as a source of biomarkers. We
found decreased levels of IFNa and IL-10 in CSF and mi-
croglia secretome and increased levels of IL-8 and IL-1f
only in microglial secretome in TgHD compared to WT
controls [44]. Increased levels of IL.-8 and IL-1p in plas-
ma were also found in premanifest HD gene carriers and
were correlated with increased central microglial activa-
tion [45].

Furthermore, we detected demyelination, which oc-
curs prior toneuronal lossin mice modelsof HD (YAC128
and BACHD) [46], in TgHD minipigs at 24 months. This
indicates an ongoing premanifest stage in TgHD mini-
pigsatthisage. Interestingly, demyelination can be caused
by microglia-induced damage to oligodendrocytes via

Phenotype Development in TgHD
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proinflammatory mediators (iNOS, TNFa, TLRs, and
HLA-DR) expressed in activated microglia [47].

In HD, several proteins change expression and thus
may serve as biomarkers of disease progression. It has re-
cently been reported that ACBD?3 levels are considerably
elevated in HD patients and in mice models, and thus
augment cellular toxicity. Furthermore, HD-related neu-
rotoxicity is suppressed by ACBD3 depletion and elevat-
ed by ACBD3 overexpression [15]. Here, we demonstrat-
ed that ACBD3 was elevated in 24-month-old TgHD tes-
tes, in which we previously described degeneration caused
by mHtt expression [26]. Interestingly, the mRNA and
protein expression levels of ACBD3 in the brain are low-
er, albeit insignificantly, in TgHD minipigs at 24 months,
suggesting a possible protective adaptation or a defense
mechanism.

In conclusion, testicular degeneration precedes the
initiation of the neurodegenerative phenotype in 24-
month-old TgHD minipigs. We detected no aggregates
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but found that mHtt fragments increased at this age, with
the highest number of fragments found in the testes and
brain. In the testes, the total amount of mHtt fragments
was particularly high and was also detectable in nuclear
fractions, unlike in the brain. This corresponds to the pre-
viously described testicular degeneration and compro-
mised fertility at this age. Also, the ACBD3 overexpres-
sion is in accordance with the HD testicular-degenerative
phenotype. Furthermore, the microglial cells were acti-
vated and myelination was slightly decreased, which sug-
gests the progression of a premanifeststage of HD. Atthis
stage, ACBD3 was downregulated, suggesting possible
adaptive neuroprotection. Taken together, these results
suggest that the TgHD minipig is not just a suitable large
animal model for safety studies, but also a promising
model for investigating the efficacy of therapeutic pre-
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Motivation of the study

Data from both patients and HD mice models showed that the elongated CAG
repetition in the mtHTT gene is genetically unstable, and gets prolonged in a tissue-specific
manner with age. Studies from mouse models demonstrated that age-correlated tissue-
dependent CAG mutagenesis is catalyzed by faulty DNA repair. Somatic mutagenesis
contributes to the neurodegeneration as indicated in mice models of HD. Diminished genome
integrity was observed in caudate region of post-mortem brains of HD patients. DNA repair
factors impact the alteration of mitochondrial DNA (mtDNA) upon metabolic manipulations
and mtDNA reflects modifications in mitochondrial metabolism. Mitochondrial changes were
proved in HD patient’s samples. Mutant Htt could directly inhibit mitochondrial functions by
triggering the oxidative stress. Signs of reduced mitochondrial activity were discovered in
peripheral blood mononuclear cells (PBMC) of HD patients thus making them an easily

obtainable material for studying HD progression using this biomarker.

Summary

We assessed DNA integrity, DNA repair, oxidative stress and mitochondrial capacity
in basal ganglia, frontal cortex and peripheral blood mononuclear cells (PBMC) of 24-, 36-
and 48-month-old TgHD minipigs. We did not detect any age-associated changes. Therefore,
we decided to pool age groups for TgHD and WT animals in order to consider the potential
impact of genotype.

The pooled samples showed no significant change in nuclear DNA damage. However,
we observed reduced level of mtDNA damage, a tendency to more mtDNA mutations and
increased mtDNA copy number in TgHD basal ganglia. Conversely, we detected decreased
mtDNA copy number in TgHD frontal cortex. No alteration in PBMC was observed.

Since the reduction in mtDNA damage observed in TgHD basal ganglia could be
an attribute of decreased mitochondrial activity and associated oxidative stress, we decided to
figure out the status of oxidative stress using 8-oxoguanine (8-0x0-G) and malondialdehyde.
Even if we observed a tendency to increased levels of 8-0x0-G in brain regions, the validation
with malondialdehyde showed no significant difference. Thus, we did not prove an evidence
of oxidative stress in TgHD brains up to 48 months of age. Since, the level of 8-oxo-G
was remarkably increased in TgHD PBMC we assesd the level of 5-hydroxycytosine and
detected no difference between TgHD and WT samples. Therefore, we supposed that the
altered 8-0x0-G level is a consequence of an altered DNA repair activity in TgHD PBMC:s.
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We did not confirm changes in DNA repair activity in TgHD PBMCs, but we showed
a potential defect in DNA repair of oxidative DNA damage in TgHD brain.

The evaluation of putative impact of mitochondrial perturbation indicated normal
carbohydrate oxidation since there was no change in pyruvate dehydrogenase activity
in TgHD brains. Moreover, similar citrate synthase activity indicated no impact of mtHtt
on mitochondrial capacity in TgHD brains and PBMCs.

Next, we confirmed age-dependent elevation of expression levels of mtHtt in 24-, 36-
and 48-month-old brains. The different situation was observed in expression of endogenous
Htt which accumulated in age-dependent manner in frontal cortex of both TgHD and WT
animals, but the levels of endogenous Htt significantly decreased in TgHD as well as in WT
animals at the age of 48 months. Little or no mHtt fragments were expressed in PBMCs.

Lastly, we observed general tendency for reduced performance in tests monitoring
potential behavioral, motor and cognitive changes at the age of 48 months.

In conclusion, we observed altered mtDNA integrity in TgHD brains but we did not
prove the connection with oxidative stress or mitochondrial bionergetics. The different
manifestation of mtDNA damage, frequency of mtDNA mutations and mtDNA copy number
indicated different rate of mtHtt activity in basal ganglia and frontal cortex. This assumption
was supported by the different expression levels of endogenous Htt in these two brain regions
at the age of 48 months, what led to different ratios in mtHtt/Htt as the expression levels
of mtHtt increased with age. 48-month-old TgHD animals showed decline in locomotor
functions. Except of potential defect in DNA repair, we detected no changes in PBMCs,

probably due to a minimal expression level of mtHtt in these cells.

My contribution
I participated on the experimental design for monitoring of behavioral, motor and
cognitive changes. I conducted behavioral testing and processed the data obtained from tests

used for assessing the behavior and motor and cognitive performance.
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A transgenic minipig model of Huntington’s disease shows early
signs of behavioral and molecular pathologies

Georgina Askeland?-2, Marie Rodinova®, Hana Stufkova3, Zaneta Dosoudilova®, Monika Baxa3,
Petra Smatlikova®, Bozena Bohuslavova*?, Jiri Klempir®, The Duong Nguyen®5, Anna Kuénierczyk’,
Magnar Bjeras?7, Arne Klungland?, Hana Hansikova?, Zdenka Ellederova*** and Lars Eide’ **

ABSTRACT

Huntington's disease (HD) is a monogenic, progressive,
neurodegenerative disorder with currently no available treatment.
The Libechov transgenic minipig model for HD (TgHD) displays
neuroanatomical similarities to humans and exhibits slow disease
progression, and is therefore more powerful than available mouse
models for the development of therapy. The phenotypic
characterization of this model is still ongoing, and it is essential
to validate biomarkers to monitor disease progression and
intervention. In this study, the behavioral phenotype (cognitive,
motor and behavior) of the TgHD model was assessed, along with
biomarkers for mitochondrial capacity, oxidative stress, DNA
integrity and DNA repair at different ages (24, 36 and 48 months),
and compared with age-matched controls. The TgHD minipigs
showed progressive accumulation of the mutant huntingtin (mHTT)
fragment in brain tissue and exhibited locomotor functional decline
at 48 months. Interestingly, this neuropathology progressed without
any significant age-dependent changes in any of the other
biomarkers assessed. Rather, we observed genotype-specific
effects on mitochondrial DNA (mtDNA) damage, mtDNA copy
number, 8-oxoguanine DNA glycosylase activity and global level
of the epigenetic marker 5-methylcytosine that we believe is
indicative of a metabolic alteration that manifests in progressive
neuropathology. Peripheral blood mononuclear cells (PBMCs) were
relatively spared in the TgHD minipig, probably due to the lack of
detectable mHTT. Our data demonstrate that neuropathology in
the TgHD model has an age of onset of 48 months, and that
oxidative damage and electron transport chain impairment
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represent later states of the disease that are not optimal for
assessing interventions.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Huntington's disease, Mitochondrial function,
DNA damage, DNA repair, HD large animal model

INTRODUCTION

Huntington’s disease (HD) is a devastating neurodegenerative disease
for which there are currently no disease-modifying treatments. HD is
inherited in an autosomal-dominant manner and caused by a
trinucleotide CAG expansion in exon | of the huntingtin gene (HTT),
resulting in the expression of mutant huntingtin (mHTT). Itis clinically
characterized by cognitive, psychiatric and motor dysfunctions,
along with weight loss and muscle wasting. These symptoms stem
from the characteristic striatal neurodegeneration, thought to be the
neuropathological hallmark of the disease. The CAG repeat size
negatively correlates with the age of onset of the disease and explains
most of the variation in age at motor onset, with the remaining variance
being currently unidentified genetic and environmental factors.

The HTT gene is essential for viability, and the CAG expansion
mutation might cause neurodegeneration via a toxic effect of
the mHTT protein, reduction of endogenous HTT function or a
combination of both. Fragments of mHTT are identified in both
patient brains and HD rodent models (Davies et al., 1997; DiFiglia
etal., 1997) and fragmentation correlates with disease progression
(Mende-Mueller et al., 2001). The fragments can be produced by
proteolytic cleavage of the full-length mHTT or alternative splicing
(Miller et al., 2010; Sathasivam et al., 2013).

A genetic hallmark of expanded CAG repeats is that they are able
to spontaneously form hairpin structures that act as intermediate
structures in somatic expansions. In mouse models, it has been
demonstrated that faulty DNA repair catalyzes age-correlated CAG
mutagenesis in a tissue-dependent manner (Jonson et al., 2013;
Kovtun et al., 2007; Mollersen et al., 2012). Preliminary data from a
mouse model of HD indicate that the somatic mutagenesis actually
contributes to the neurodegeneration, possibly in a crosstalk
mechanism between mismatch DNA repair and base excision
DNA repair (Lai et al., 2016; Pinto et al., 2013).

The underlying mechanistic cause of HD progression by mHTT
is still under investigation. As indicated above, DNA damage and
repair is involved in somatic mutagenesis, and some studies have
identified elevated levels of the oxidative DNA damage marker
8-oxoguanine (8-0x0G) in HD (Bogdanov et al., 2001; Long et al.,
2012; Polidori etal., 1999), although we (Askeland etal., 2018) and
others (Borowsky et al., 2013) could not confirm these findings in
peripheral blood mononuclear cells (PBMCs) from HD patients.
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It has been proposed that mHTT directly inhibits mitochondrial
function by inducing oxidative stress and cormrelates with increasing
CAG length (Hands et al., 2011). Postmortem striatum samples from
advanced-stage HD patients showed reduced activity of complexes II,
T and IV ( Browne et al., 1997; Gu et al., 1996), while the R6/2 HD
mouse model has shown reduced aconitase activity in the striatum
and reduced complex I'V activities in the striatum and cerebral cortex
(Tabrizi et al., 2000). In a recent study, we discovered signs of
reduced mitochondrial activity in PBMCs from HD patients, despite
normal biochemical complex activities (Askeland et al., 2018).

Mouse models of HD, like the R6/2 model, have been used to
test compounds that might be neuroprotective, such as the
mitochondrial coenzyme Q10 (coQ10), especially in combination
with remacemide (Ferrante et al., 2002). However, in follow-up
clinical testing in HD patients, coQ10 failed to show a significant
slowing of functional decline in early-stage HD patients, even at
very high doses (Huntington Study Group, 2001; McGarry et al.,
2017). Similarly, clinical trials for the use of creatine in early-stage
HD patients also failed (Hersch et al., 2017), even though striking
results were seen in the preclinical studies in R6/2 mice (Dedeoglu
etal., 2003; Ferrante et al., 2000). This raises an important question
of whether preclinical testing in current HD animal models can
accurately reflect efficacy in humans. In addition, current biomarkers
used in clinical trials are suboptimal owing to variability (Unified
Huntington’s Disease Rating Scale) or long response time MRI, and
there is a particular need for reliable markers for pre-manifest HD.
To accelerate the discovery of effective treatments for HD, a two-
pronged approach might be needed, developing both better models
and more accurate biomarkers.

In 2013, the Libechov transgenic minipig model for HD (TgHD)
was first described (Baxa et al., 2013). A lentiviral approach was
used to insert a truncated N-terminal fragment of exon 1 of human
mHTT (1-548 amino acids). This was under the control of the
human HTT promotor and contained 124 glutamines (CAGCAA
repeats). This was the first transgenic HD pig model with successful
germline transmission. The phenotype of the TgHD model is
apparently mild. No aggregate formation is seen in brain tissue up to
16 months, and developmental or motor deficits are absent up to an
age of40 months (Baxa et al., 2013 ). However, levels of DARP32, a
marker of medium spiny neurons (Gustafson et al., 1992), were
reduced in the neostriatum at an age of 16 months. At 13 months,
TgHD minipigs exhibited reduced fertility and lower sperm count,
implying that a HD phenotype manifests prior to motor deficits.
Characterization of the model is ongoing, as the original and
subsequent generations of TgHD minipigs age, to provide a detailed
description of the model. A battery of novel tests has recently been
developed to assess the phenotype of the TgHD minipig model.
These include a gait test, a hurdle test and a startbox back-and-forth
test (Schramke et al., 2016). Effective preclinical testing in this model
would be greatly promoted by a quantifiable and reliable phenotype.

We postulate that the TgHD pig model is a good representation of
the human HD pathology, and that molecular parameters in this model
are likely candidates to monitor disease progression and therapeutic
interventions in humans. In order to test this hypothesis, we applied a
repertoire of molecular and functional analyses to correlate with the
HD phenotype and determined the age of onset.

RESULTS

The TgHD minipig model recapitulates behavioral
abnormalities consistent with HD

A battery of novel behavioral tests designed for minipigs has been
established (Schramke et al., 2016). Stance, gait and ability to cross

a barrier were normal in FO and F1 generations of TgHD minipigs
up to 40 months of age, although fertility was affected (Baxa et al.,
2013; Schuldenzucker et al., 2017). We investigated motor
performance, cognitive performance and/or behavior deficit in
48-month-old minipigs and detected a significant decline in the
ability to perform the tunnel test in the TgHD minipigs (Fig. 1,
P=0.04). There was also a general tendency for reduced
performance in the other tests (nonsignificant). Thus, these results
showed the onset of locomotor/neurological impairment in the
TgHD minipig model at the age of 48 months.

Genome integrity is affected in HD minipigs

We recently identified genome integrity as an early biomarker in
peripheral PBMCs from HD patients (Askeland et al., 2018). The
corresponding cells, in addition to brain regions from TgHD
minipigs and their controls, were therefore assessed for DNA
damage, mitochondrial copy number and DNA repair activity.
Surprisingly, we did not identify any age-associated alterations in
any of the parameters assessed (data not shown). In order to search
for impact of the genotype, the different age groups were pooled for
each genotype prior to reanalyses. The pooled samples revealed a
reduced level of mitochondrial DNA (mtDNA) damage in the basal
ganglia in TgHD minipigs, whereas the corresponding levels in the
frontal cortex and in PBMCs were normal (Fig. 2A, P=0.01).
Nuclear DNA (nDNA) damage was not significantly altered in any
of the tested tissues in TgHD minipigs (Fig. 2B), thereby contrasting
the situation seen in human PBMCs. We followed up on the level of
mtDNA, and found lower mtDNA copy number in the frontal cortex
in TgHD than in wild type (WT), but higher copy number in the
basal ganglia in TgHD than in WT (Fig. 2C, P=0.04 and P=0.01,
respectively). The differences in level and integrity of mtDNA in the
basal ganglia might imply that mitophagy is disturbed in the basal
ganglia of TgHD. We followed up on this point by assessing
mtDNA mutation frequency. Although there was no indication of
any altered mtDNA mutation frequency in PBMCs and cortex, there
appeared to be a tendency to more mtDNA mutations in the basal
ganglia in TgHD than in WT (Fig. 2D, nonsignificant), which could
be an indication of ineffective mitophagy in the basal ganglia.
5-Methylcytosine [5-me(dC)] is a base modification that regulates
gene regulation and global 5-me(dC) alters with differentiation,
during development and with differences in aerobic activity. This
epigenetic mark is found altered in untranslated regions in HD
(Villar-Menéndez et al., 2013). When we assessed global 5-me(dC)
levels in WT and TgHD minipigs, we found a modest, but
significant, increase in the frontal cortex in TgHD minipigs (Fig. 2E,
P=0.047), whereas PBMCs and basal ganglia displayed normal
levels. 5-Hydroxymethylcytosine, another epigenetic marker, was
not affected in TgHD minipigs (Fig. S2A). The different impact of
mHTT on mtDNA copy number and mtDNA damage in the basal
ganglia and cortex is indicative of the two brain regions being
differentially affected. In contrast to the human situation, PBMCs
were unaffected in the TgHD minipig.

Tissue-specific variations in level of and DNA repair capacity
towards B-oxo0G in HD minipigs

The reduction in mtDNA damage observed in the basal ganglia of
TgHD could be ascribed to reduced mitochondrial activity and
associated oxidative stress. To assess the status of oxidative stress in
the TgHD, we first measured the level of 8-0x0G, a frequently used
marker of oxidative stress. There was a tendency towards increased
8-0x0G levels in all tissues, but this change was statistically
significant only in PBMCs (Fig. 3A, P=0.03). We validated the
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Fig. 1. The TgHD minipig model shows behavioral abnormalities
consistent with early neurodegeneration. (A) Behavioral testing
with tests specially designed for minipigs revealed a deficit in
performing the tunnel test (P=0.04) and indications of a deficit in
walking (nonsignificant). (B) Representative images (clockwise

from top) of the balance beam, hurdle, seesaw and tunnel tests.
Mann—Whitney test and two-way ANOVA, *P<0.05. Box plots

and whiskers indicate minimum to maximum values, with hinges
representing the 25th and 75th percentiles and the median indicated
by the centerline. Sample size [female (F)+male (M)] distribution:
balance beam, WT 4F+2M, TgHD 4F+2M; hurdle, WT 3F+2M,
TgHD 4F+1M; seesaw, WT 3F+2M, TgHD 3F+2M; tunnel,

WT 3F+2M, TgHD 4F+1M; walking, WT 4F+2M, TgHD 4F+2M.

results by assessing levels of malondialdehyde (MDA), another
marker of oxidative stress that is produced by lipid peroxidation. We
tested several brain subregions, but found no significant differences
in the levels of MDA (Fig. 3B) and conclude that the TgHD
minipigs do not show evidence of oxidative stress in the brain up to
48 months of age. We followed up on the increased level of 8-0x0G
in PBMCs by measuring the level of another oxidized base lesion,
5-hydroxycytosine. Interestingly, whereas S5-hydroxycytosine
levels varied greatly between PBMCs and the brain subregions,
there was no significant difference between WT and TgHD minipigs
(Fig. S2B). The elevated level of 8-0x0G is therefore indicative of
an altered repair activity towards this lesion in TgHD PBMCs. The
main source of 8-0x0G removal is by 8-0x0G DNA glycosylase
activity. We assessed the DNA glycosylase activity against 8-0xoG
in cell-free extracts and found significantly reduced levels in the
frontal cortex (Fig. 3D, P=0.03), whereas PBMCs, as well as other
brain regions, exhibited normal DNA glycosylase activities.

Unperturbed mitochondrial bioenergetics in HD minipigs

We recently identified mitochondrial aberrations in peripheral tissue
from HD patients, including reduction of the subunit B of succinate
dehydrogenase (SDHB) after onset of disease, which did not
correlate with total functional score, an estimate for disease
progression. To evaluate the putative impact of mitochondrial
aberrations in the minipig model, we assessed mitochondrial
parameters in TgHD and WT minipigs in two brain regions, and

in PBMCs. First, pyruvate dehydrogenase (PDH) activity was
unchanged in the frontal cortex and basal ganglia, indicating normal
carbohydrate oxidation (Fig. 4B,D). Citrate synthase (CS) activity is
a marker of mitochondrial volume, and was also similar between
WT and TgHD minipigs in the two brain regions and PBMCs
examined, indicating that mitochondrial capacity in the brain
regions, as well as in PBMCs, is not affected in the TgHD model
(Fig. 4B,D,E). These findings were consistent with the similar
mitochondrial electron transport chain (ETC) complex activities in
TegHD and WT in the basal ganglia, frontal cortex and PBMCs
(Fig. 4A,C,E). To evaluate whether mitochondrial protein levels
were altered, despite normal ETC activity, as in human HD PBMCs
(Askeland et al., 2018), western blot analyses were performed but
revealed normal expression levels in the frontal cortex and PBMCs
in WT and TgHD minipigs (Fig. S3).

The tissue-specific changes in mtDNA copy number in TgHD
minipigs combined with the similar CS activities (Figs 2C and 4)
could be indicative of different genotype-specific mitochondrial
composition. We followed up on this possibility by first
comparing cytochrome c¢ oxidase (COX) activity in isolated
mitochondria with that in tissue homogenates (Fig. S4). The
results did not imply any difference in COX activity in isolated
mitochondria. We then assessed coupled activities of ETC
complex I+II and II+III. As shown in Fig. S5, the coupled
activities confirmed the data obtained by measuring the single
complex activities (Fig. 4).
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Fig. 2. Tissue-specific changes in genome integrity in
the TgHD minipig model. (&) mtDNA damage analysis
revealed lower damage levels in the basal ganglia in TgHD
thanin WT (P=0.01), but no changes in PEMCs or the frontal
cortex. (B} nDNA damage analysis demonstrated that
nDNA integrity is apparently unaffected in the TgHD model.
(C) Quantification of mtDMA copy number shows a
significant decrease in the frontal cortex (P=0.04) and, in
contrast, an increase in the basal ganglia (P=0.01) in the
TgHD minipigs, relative to WT. No differences were seen in
PBMCs. (D) mtDMA mutation frequency analysis indicates
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higher levels in the basal ganglia in TgHD (nensignificant)
than in WT, but normal levels in PEMCs and the frontal
cortex. (E) The methylation mark 5-me(dC) was increased in
the frontal cortex in TgHD compared with WT (P=0.047).
Mo differences in 5-me(dC) levels were seen in PBMCs

or the basal ganglia. Student's t-test, *P<0.05. Box plots
and whiskers indicate minimum to maximum values, with
hinges representing the 25th and 75th percentiles and the
median indicated by the centerline. Sample sizes: (A) basal
ganglia, WT n=4, TgHD n=5; PBMCs, WT n=17, TgHD
n=14; frontal cortex, WT n=10, TgHD n=7; (B) PEMCs,
WT n=17, TgHD n=14; frontal cortex, WT n=10, TgHD
n=7; basal ganglia, WT n=4, TgHD n=5; (C) frontal cortex,
WT n=10, TgHD n=5; basal ganglia, WT n=4, TgHD n=5;
PBMCs, WT n=17, TgHD n=13; (D) basal ganglia, WT n=2,
TgHD n=2; PBMCs, WT n=7, TgHD n=4; frontal cortex,
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mHTT and HTT accumulate in an age- and tissue-specific
manner in the TgHD minipig model

The results shown herein are indicative of subtle effects of the
transgene on molecular biomarkers. To follow up on the putative
impact of mHTT, we addressed the accumulation of mHTT and
endogenous WT HTT protein in the tissues of interest. The transgene
encoding the mHTT fragment was confirmed in the TgHD minipig,
and was absent in WT minipigs (Fig. §1). As expected, in capillary
electrophoresis, we observed a distinct peak representing 121
CAG/CAA repeats (Fig. S1B,C), which is different from the
multiple peaks seen from repetitive CAG repeats that result in
somatic expansions (Mollersen et al., 2012). To investigate the fate
of endogenous HTT and transgene mHTT, we performed western
blot analyses using specific antibodies against polyglutamine
(PolyQ), mHTT and HTT. The N-terminal mHTT fragment
accumulated with age in both the putamen and cortex (Fig. 5).
The endogenous minipig HTT protein accumulated with age in the
frontal cortex in both genotypes (Fig. 5A,B), but interestingly
became depleted in the putamen at 48 months compared with

T WT n=10, TgHD n=6; (E) frontal cortex, WT n=10, TgHD
n=7; PBMCs, WT n=10, TgHD n=6; basal ganglia, WT n=2,
TgHD n=5.

36 months (Fig. 5C,D). Importantly, the age-dependent accumulation
of HTT was significantly different between TgHD and WT minipigs
(ANOVA, P<0.001). Thus, the putamen from TgHD minipigs
demonstrates a combination of reduced endogenous HTT protein
with accumulation of mHTT fragment at the age of onset
(48 months). PBMCs were recently shown to present important
biomarkers for HD progression (Askeland et al., 2018). Cell-free
extracts from PBMCs of minipigs at the affected age (48 months)
were consequently analyzed for expression of mHTT. In contrast
to human PBMCs, minipig TgHD PBMCs were found to express
little or no mHTT fragments (Fig. 5E), thus explaining the relative
inertness of these cells from the TgHD model.

In general, the relatively low impact of mHTT on the molecular
parameters investigated so far is in coherence with the mild
phenotype of the TgHD model. However, the most striking
difference between human and the minipig model is the apparent
lack of mHTT in TgHD PBMCs, which also makes PBMCs a less
suitable biomaterial for studying disease progression in the TgHD
model. Together, these results indicate that the mitochondrial
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Fig. 3. Tissue-specific alterations in oxidative DNA damage and repair in TgHD minipigs. (A) Mass spectrometry analysis of the oxidative damage
marker 8-0x0G [as nucleoside B-oxo(dG)] showed increased levels of PBMCs in TgHD relative to WT (P=0.03), whereas the frontal cortex and basal ganglia
displayed similar levels in the two genotypes. (B) The level of malondialdehyde (MDA) was determined in the specified brain subregions. No significant
differences were found between WT and TgHD in any of the groups. Arbitrary units (A.U.) represent levels of MDA (ug), showing the extent of lipid peroxidation.
(C) Representative image of the DNA glycosylase activity assay, showing incision of 8-ox0G containing **P-endlabeled cligonuclectide. Extracts were collected
from individual animals. (D) DNA glycosylase activity toward 8-ox0G in nuclear protein extracts from PEMCs and different brain subregions. The analysis of
substrate cleavage by DNA glycosylase enzyme OGG1 revealed reduced activity in the frontal cortex in TgHD (P=0.03), and indicates a defect in DNA repair of
oxidative DNA damage. Mo genotype differences were seen in other brain regions. Data are presented as relative to the average of the WT activities. Student's
Htest, *P<0.05. Bax plots and whiskers indicate minimumto maximum values, with hinges representing the 25th and 75th percentiles and the median indicated by the
centerline. Samples sizes: (A) PBMCs, WT n=10, TgHD n=6; frontal cortex, WT n=10, TgHD n=7; basal ganglia, WT n=2, TgHD n=5; (B) frontal cortex, WT n=9,
TgHD n=9; putamen, WT n=4, TgHD n=4; caudate nucleus, WT n=2, TgHD n=3; hippocampus, WT n=7, TgHD n=7; (D) PBMCs, WT n=7, TgHD n=8; frontal cortex,

WT n=9, TgHD n=10; putamen, WT n=4, TgHD n=4; caudate nucleus, WT n=2, TgHD n=3; hippocampus, WT n=7, TgHD n=8.

capacity in the TgHD minipig model is not affected in the tested
tissues before the age of 48 months.

DISCUSSION

The TgHD minipig is a powerful HD model for use in intervention
studies. Previous studies have demonstrated the toxic impact of
mHTT protein on peripheral tissue and our study is the first to
demonstrate neurological impairment, measured as decreased
locomotor activity that initiates at an age of onset of 48 months.
Hence, the TgHD minipig model could be an excellent model to
capture and monitor biomarkers in response to interventions, in the
pre-onset age up to 48 months.

The neurological phenotype in the TgHD model emerges
subsequent to the reduced sperm count and motility (Macakova
et al, 2016) in concordance with significantly diminished
mitochondrial parameters (Krizova et al, 2017) and muscle
ultrastructural alterations (M.R. and H.H., unpublished). The
locomotor impairments that we identified here are partly in
conflict with what was reported by Schuldenzucker and
coworkers, who could not detect abnormal behavioral phenotype
among female TgHD minipigs up to 48 months (Schuldenzucker
et al., 2017). In our study, we did not investigate the impact of sex
because of limited group size, but the change in the motor ability

of TgHD boars compared with the WT controls appeared to be
more pronounced than in TgHD sows compared with WT controls
at the age of 48 months (data not shown), thereby providing a
plausible explanation for the contradictory conclusions from the
two studies. It should be noted, however, that the test repertoire
was different in the two studies, except for the hurdle test, which in
both studies did not show any statistical differences.

Prior to data analyses, we performed ANOVA to check for age
association among the biomarkers for oxidative stress, DNA repair,
genome integrity and mitochondrial function. We found no age
association for any of these parameters and consequently pooled the
samples into genotypes independent of age. It is a possibility that a
larger cohort might indicate age-dependent effects for one or more
of these parameters. However, currently the age correlation is too
weak for these biomarkers to be used for monitoring. In contrast
to the genomic and mitochondrial parameters, the expression
of (m)HTT peptides in brain subregions varied with age. The
N-terminal mHTT fragment accumulated strongly with increasing
age in both the frontal cortex and basal ganglia, thus putatively
exerting a toxic gain-of-effect in these brain subregions. The
endogenous HTT protein displayed completely different tissue-
dependent fates, in that the expression in the frontal cortex
increased, whereas the expression in the basal ganglia became
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reduced at 48 months relative to 36 months of age. Interestingly,
two-way ANOVA revealed a significant genotype difference
with respect to age-dependent expression. Thus, the neurological
phenotype could potentially be attributed to increased accumulation
of toxic N-terminal mHTT fragments, or decreased expression of
endogenous HTT protein, or a combination of both. Although HTT is
essential for life, conditional knockout of gene function in adulthood
is more tolerable. Wang and co-workers investigated the effect of
knocking out At at various ages in mice, and found no neurological
phenotype, but tendency to develop pancreatitis only at a young age
(Wang et al., 2016a). This implies that the age-associated decline
in endogenous HTT in the putamen is not responsible for the
neurological phenotype in TgHD minipigs.

The PBMCs were relatively spared in the TgHD model, in contrast
to what we have recently found in PBMCs from human patients.
Time-resolved Forster resonance energy transfer (TR-FRET) as well
as mRNA quantification methods have been used to confirm the
expression of HTT and mHTT in immune cells from human patients
(Bijorkqvist et al., 2008; Weiss et al., 2012), as well as in this study
(Fig. SE). The analogous mHTT fragments were also detected in
lymphoid cells from the R6/2 mouse model (Triiger et al., 2015), as

analyzed by the TR-FRET method. Thus, our results imply that the
minipig is different from humans and rodents in that minipig PBMCs
do not accumulate mHTT to significant levels. This finding is in line
with previously reported low mHTT levels in spleen from the TgHD
minipig (Baxa et al, 2013). Consequentially, other types of
peripheral tissue should be considered for monitoring biomarkers
during interventions. Although we could not confirn mHTT
expression in PBMCs, the 8-0x0G levels were elevated. Because
medium components influence genomic integrity, it cannot be
excluded that the increased 8-oxoG in TgHD PBMCs relates to
different metabolite composition in the serum, as is the case for
human patients (Underwood et al., 2006).

The TgHD minipig model is unique in that the PolyQ peptide is
not encoded by repetitive CAG repeats. PolyQ repeats with CAG
interruptions have been shown to be stable in vivo (Choudhry et al.,
2001; Pearson et al., 1998), and this is supported by our findings
(Fig. S1C). Previously, a similar strategy was used to generate a
murine HD model expressing a stable PolyQ peptide (Gray et al.,
2008), and thereby demonstrated that somatic instability is not
required for neuropathology. Despite that several DNA repair
functions have been demonstrated to catalyze somatic expansions,
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Fig. 5. TgHD minipig PBMCs do not express mHTT. (A-D) Western blot analyses of individual minipigs and subsequent quantification revealed that mHTT
and endogenous HTT were expressed in atissue-and age-specific mannerin the frontal cortex (A,B) (mHTT: TgHD 24 vs 48 months, P=0.04; PolyQ: TgHD 24 vs
48 months, P=0.02; TgHD 24 vs 36 months, P=0.02; HTT: TgHD 24 vs 48 months, P=0.03; TgHD 36 vs 48 months, P=0.02; ANOVAWT vs TgHD, P=0.004)
and putamen (C,D} (PolyQ: TgHD 24 vs 48 months, P=0.04; TgHD 36 vs 48 months, P=0.004; HTT: WT 36 vs 48 months, P=0.04; TgHD 36 vs 48 months,
P=0.009; ANOVAWT vs TgHD, P=0.001) in TgHD minipigs, and confirmed the absence of mHTT and PolyQ in WT animals. (E) mHTT was not expressed in
minipig TgHD PBMCs. Representative western blot of mHTT in PEMCs from HD patients (HD) and controls (Ctr), and PEMCs from WT and TgHD minipigs,
as indicated. Three distinct antibodies were used to identify mHTT and PolyQ fragments and endogenous HTT protein (see Materials and Methods).
Mann—Whitney test and ANOWA, *F<0.05, **P<0.01, ***P<0.001. Sample sizes: (A,B) mHTT and PolyQ: TgHD 24 months, n=4; TgHD 36 months, n=5;
TgHD 48 months, n=6; HTT: WT 24 months, n=3; WT 36 months, n=4; WT 48 months, n=6; TgHD 24 months, n=4; TgHD 36 months, n=5; TgHD 48 months,
n=5; (C,D) mHTT and PolyQ: TgHD 24 months, n=3; TgHD 36 menths, n=6; TgHD 48 months, n=5; HTT: WT 24 months, n=2; 36 months, n=3; 48 months, n=5;

TgHD 24 months, n=3; 36 months: n=6, 48 months, n=5.

reports of the comesponding disease phenotype of the mouse
mutants lacking these functions are still awaited. However, a
mitochondrial superoxide quencher was used to delay onset of
pathophysiology with a parallel reduction in somatic expansions
(Budworth et al., 2015). Whether the therapeutic effects are caused
by reduced oxidative stress or dampened CAG expansions — or a
combination of both — remains to be tested. Although we did not
detect evidence of general elevation of oxidative stress in the
TegHD model, mitochondrial superoxide might still underlie
neuropathology. As an example, the mtDNA mutator mouse that
dies prematurely was not found to generate increased oxidative
stress. In general, however, more refined measurement of
mitochondrial subcompartments i vive did reveal increased
production of peroxide with age in this mouse model (Logan
et al., 2014; Trifunovic et al., 2005). We identified lower mtDNA
damage in the basal ganglia of the TgHD model, which suggests
that mitochondrial peroxide stress should be lower rather than
higher. In a recent study, we found lower mtDNA damage in
human HD patients than in controls, which we believe is indicative
of reduced mitochondrial activity (Askeland et al., 2018) and

could be attributed to a similar bioenergetics dysfunction in human
HD patients and TgHD minipigs.

The mtDNA copy number was differentially affected by mHTT
expression in the frontal cortex and basal ganglia. A reduction in
mtDNA copy number has been found in grade 3 postmortem HD
brains (Siddiqui et al., 2012) and thereby supports the finding in the
frontal cortex, although different brain regions were not compared.
The reason for the increased mtDNA copy number in the basal
ganglia is less obvious. It is a possibility that mitochondrial
morphology differences could underlie the mtDNA:CS variations.
Although we did not detect ETC activity differences, more
experiments are needed to investigate mitochondrial fragmentation in
the affected tissue (frontal cortex and basal ganglia). Using (1)H
magnetic resonance spectroscopy, evidence was found of altered
energy metabolism at pre-onset age in the TgHD minipig
(Jozefovicova et al, 2016). DNA repair capacity, mtDNA
integrity and metabolism are interdependent (Yuzefovych et al.,
2013); therefore, the subtle alterations in the two former
parameters found here might be an indication of altered metabolism
in the TgHD minipig.
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It is worth noting that the methylation marker 5-me(dC) was
significantly increased in the frontal cortex in TgHD compared
with WT. This might be an indication of an altered methylation
state, reflected in the transcriptional dysregulation seen in HD (Benn
et al., 2008). Epigenetic modifications, including DNA methylation
and histone methylation, have been found in HD patients and animal
models and show the emerging role of epigenetics in HD (Ferrante
et al., 2003; Lee et al., 2013; Ngetal,, 2013).

In conclusion, our characterization of the TgHD minipig model
up to 48 months of age reveals the age of neuropathological onset.
Further follow-up as the animals age will be crucial to map the
pathological process in this novel HD model. Itis interesting to note
that HD biomarkers found in rodent models — such as oxidative
stress, DNA damage and mitochondrial activity — were largely
unaffected, suggesting that extrapolating data from evolutionarily
distant models should be done with care. These findings also
demonstrate the complexity of the disease and a need for additional
biomarkers than those assessed here to monitor disease progression
at the preclinical stage in this model, and potentially also in human
patients to investigate future interventions.

MATERIALS AND METHODS

Minipig material and sample collection

Transgenic minipigs (Sus scrofa domesticus, Linnaeus) with the N-terminal
part of human mutated huntingtin and their WT siblings (Baxa et al., 2013)
were bred and studied in agreement with the Animal Care and Use
Committee of the Institute of Animal Physiology and Genetics, under the
Czech regulations and guidelines for animal welfare and with the approval of
the Czech Academy of Sciences (protocol number 53/201 5). After weaning,
all piglets were genotyped as previously described (Baxa et al., 2013). At 24,
36 and 48 months of age, a cohort of the TgHD and WT minipigs was
perfused under deep anesthesia with ice-cold PBS. The brain tissue was
dissected and subregions such as the basal ganglia and frontal cortex
were isolated and stored at —80°C after snap freezing in liquid nitrogen. In
addition, the peripheral blood was collected with heparin-coated syringes.
Within 1-2 h after collection, the whole fraction of intact lymphocytes
was isolated from EDTA-blood by density centrifugation at 25°C, using
HistopaqueR 1077 Hybri-Max™ (Sigma-Aldrich) following a standard
protocol. Briefly, 6 ml blood was layered on top of 3 ml Histopaque and
centrifuged at 800 g for 30 min at 25°C. The separated mononuclear
band was carefully collected (~1 ml), resuspended in 10 ml PBS (137 mM
NaCl, 2.7 mM KCI, 4.3 mM Na,HPO,.12H,0, 1.5 mM KH,PO,) and
centrifuged again at 800 g for 20 min. The pellet was washed twice in the
same conditions. Finally, the dry pellet was stored at —80°C until use. For
enzymatic protein and DNA analyses, samples from identical isolation of
cells were used.

For isolation of the mitochondrial fraction, 5% homogenate (W/V) was
prepared from the frozen tissue using Potter-Elvehjem homogenizer in
KTEA medium (150 mM KCI, 50 mM Tris-HCI, 2 mM EDTA, pH 7.4,
0.2 pg/ml aprotininin) at 40°C. Mitochondria were sedimented by
centrifugation of 600 g posmuclear supernatant at 10,000 g for 10 min
at 4°C. The pellets were washed with KTEA medium and centrifuged
again in the same conditions. Finally, the pellets were resuspended in
KTEA medium to a protein concentration of ~20 mg/ml. Measurement of
mitochondrial enzymes was performed immediately after isolation.
For western blotting and measurements of PDH activity, frozen aliquots
were used.

Human biomaterial

Use of human samples (PBMCs) was approved by the Ethical Committee of
the General University Hospital in Prague [approved project COST
LD15099 (2015-2017)] and the Czech-Norwegian Research Program
(CZ09) TF14308 (2014-2017). Written informed consent was obtained
from patients as well as control subjects. The project was carried out in
accordance with the principles expressed in the World Medical Association
Declaration of Helsinki.

DNA isolation and analysis

Total DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen)
following the manufacturer’s protocol with minor modifications. DNA
purity and concentration was determined using a spectrophotometer (Epoch
microplate spectrophotometer) and adjusted to correct concentrations for
DNA integrity analysis (20 ng/nl for nDNA, 2 ng/ul for mtDNA). DNA
integrity was assessed by the ability of a restriction enzyme to digest the
DNA, using an in-house-developed quantimtive PCR (gPCR)-based
method as described previously (Wang et al., 2016b). Briefly, the DNA
template was incubated with the Tagod restriction enzyme, and primers
flanking the Tagad sites in the mtDNA and nDNA were subsequently used
to amplify a PCR product. The ability to amplify across the restriction site is
proportional to the amount of mtDNA and nDNA damage. Primer
sequences are provided in Table 51.

CAG sizing was performed by PCR using primers (Table S1) with a
fluorescent tag designed to flank the region of the CAG repeats. PCR products
were run on a 1.2% agarose gel, and the resulting band was cut out and
separated by capillary electrophoresis. The lengths of the PCR. products were
determined by fragment analysis on an Applied Biosystems 3130 Genetic
Analyzer. Data analysis was performed by GeneMapper® software V2.6.4.

mtDNA copy number analysis was carried by qPCR amplification of a
nuclear (HBB) and a mitochondrial (MT-RNR! ) amplicon. Relative mtDNA
content was calculated based on the ratio of mtDNA product over nuclear
DNA products, using standard curves.

DMA base modifications were determined using liquid chromatography-
mass spectrometry/mass spectrometry (LC-MS/MS) at the PROMEC
proteomics and metabolomics core facility [Morwegian University of
Science and Technology (NTNU), Trondheim], as described previously
{Askeland et al., 2018).

The mutation frequency in mtDNA was determined as described
previously (Wang et al., 2015). Briefly, total DNA was mixed with S1
nuclease (Qiagen; 10 U) for 15 min at 37°C and later digested using Tagoel
restriction enzyme (Mew England Biolabs; 100 U, 65°C for 15 min). The
resistant mutated Tagal restriction sites were quantified by qPCR using the
specific primers listed in Table S1. To ensure complete digestion, an
additional Tagol treatment (100 U; 65°C for 15 min) was performed on
the digested DNA samples prior to qPCR. Mutation frequency was
calculated as (2exp(CTT™'—CTNT)<4)~! per nucleotide. Primer sequences
are provided in Table 51.

Westemn blot analyses

Cell lysates of PBMC pellets were obtained using RIPA buffer (150 mM
NaCl, 5 mM EDTA pH 8, 0.05% NP-40, 1% sodium deoxycholate, 0.1%
SDS, 1% Triton X-100, 50 mM Tris-HCl pH 7.4, inhibitors of
phosphatases and proteases) and protein concentration determined.
Frozen tissues were homogenized in liquid nitrogen using a mortar and
lysed in RIPA buffer, sonicated for 15 min at 0°C and centrifuged at
15,000 g for 15 min at 4°C. The concentration of protein was determined,
and same amount of total protein was loaded onto a 3-8% Tris-acetate gel
(EA03758, LifeTech). After electrophoresis, proteins were transferred to
nitrocellulose membrane and stained with MemCode (LifeTech) to
visualize total protein.

The membranes were blocked in blocking buffer and incubated with
primary antibodies (see below) overnight at 4°C. Secondary detection was
carried out with horseradish peroxidase (HRPFconjugated secondary
antibodies (see below). The antibody-bound proteins were visualized
with the Super Signal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific) using a Syngene Imaging System, and the
intensity of the signal was quantified using Quantity One 1-D Analysis
Software (Bio-Rad).

For huntingtin detection, anti-HTT antibody (EPRS5526, Abcam, 1:2000)
and anti-PolyQ (clone 5TF1-1C2, MAB1574, Millipore, 1:2000) were
incubated overnightat4°C. Corresponding secondary antibodies conjugated
to HRP (anti-mouse, 711-035-152, Jackson ImmunoResearch, 1:10,000 or
anti-rabbit, 7114035-152, Jackson ImmunoResearch, 1:10,000) were used.
The signal was detected by chemiluminescence (ECL, 28980926,
APCzech) and proteins were detected by a ChemiDoc XRS+System
(Bio-Rad). MemCode (1858784, Thermo Fisher Scientific) total protein

8

wvi
E
o
=
@
i
uJ
]
=
]
=
[}
-
Q
=
@
(7]
@
@
A
=

95



RESEARCH ARTICLE

Disease Models & Mecharnisms (2018) 11, dmm035949. doi:10.1242/dmm. 035949

staining was used for normalization of loading. For details of antibodies
used in western blotting, see Table S2.

Mitochondrial enzyme activities

The activities of the respimatory chain complexes NADH:ubiquinone
oxidoreductase (NQR, complex I), succinate:CoQ reductase (SQR,
complex 1T}, ubiquinol:cytochrome ¢ oxidoreductase (QCCR, complex 1),
cytochrome ¢ oxidase (COX, complex IV), NADH:cytochrome ¢ reductase
(NCCR, complex I+1I1), succinate:cytochrome ¢ reductase (SCCR, complex
[I+11T) were measured spectrophotometrically at 37°C in tissue homogenate
and/or isolated mitochondria (Rustin et al., 1994) and CS according to Srere
(1969). Protein concentration was measured according to Lowry et al. (1951 ).
PDH activity was determined by measuring '*CO, production by
decarboxylation from [1-14C]pyruvate according to Cahova et al. (2015).
Analysis of respiratory chain complexes I, 1L IV and CS in PBMCs has
previously been described in detail (Askeland et al., 2018).

DNA repair activity

DNA glycosylase activity in cell-free nuclear protein extracts was performed
as described previously (Klungland et al., 1999). Briefly, nuclear extracts
were prepared by osmotic extraction, and 0.5-10 pg was added to a reaction
mixture containing 50 mM MOPS pH7.5, | mM EDTA, 5% glycerol, | mM
DTT and 1 fmol **P-endlabeled 8-oxoG-contining duplex and incubated
for 2h at 37°C. The reaction was terminated by addition of formamide/
loading dye mixture, and denaturing at 85°C for 3 min. The incised product
was separated from substrate oligonucleotide by electrophoresis on a 15%
urea-PAGE gel. The gels were dried and subjected to phosphoimaging
using a Typhoon 9410 Variable Mode Imager. The DNA glycosylase
activity was calculated based on the rmatio of incised oligonucleotide
(product) over incised oligonucleotide+remaining substrate, and related to
protein amount. The calculated activity was nommalized to that of the
average of controls, and presented with box plots displaying the 25th and
75th percentiles.

Lipid peroxidation assay

The lipid peroxidation assay was camried out using a TBARS assay kit
(Cayman Chemical). Tissue homog were prepared from small
amounts of tissue (~25 mg) using RIPA buffer. The assay was performed
according to the manufacturer’s protocol using fluorometric standards and a
Wallac VICTOR2™ 1420 multilabel counter. The results were presented as
MDA formed (A.U.), according to the manufacturer.

Motor control assessment

TgHD boars (#=2) and their WT controls (n=2) together with TeHD sows
(=4} and their WT controls (#=4) at 48 months of age were used for motor
assessment. The animals were starved and a biscuit treat was used to
stimulate the animals to perform the test. The following tests were
performed: balance beam, hurdle, seesaw, gait and tunnel test.

The balance beam consisted of 2.5 m long inclined plane, 3.0 m long
beam and extended plane (1.15% 1.3 m). The animal is expected to step up to
an inclined plane, cross the beam, turn back in the extended part and return
back down. Scoring was as follows: 5 points for passing across the whole
beam, tuming in the extended part and going back down; 4 points for
passing across the whole beam, not turning in the extended part and
retreating; 3 points for stepping on (any part of) the beam; 2 points for
stepping on the inclined plane with all four legs; | point for stepping on the
inclined plane with two (fore)legs; 0 points if the animal refused to perform
the test.

In the hurdle test, the animals were expected to pass the hurdle (height,
15 ¢m; width, 100 cm). Scoring was as follows: 5 points for passing across
the hurdle without touching; 4 points for passing across the hurdle with
touching of one leg; 3 points for passing across the hurdle with touching of
two legs; 2 points for passing across the hurdle with touching of three legs;
1 point for passing across the hurdle with touching of four legs; (0 points if
the animal refused to perform the test.

During the seesaw test, the pig was expected to pass over the seesaw
(length, 3.0 m; width, 0.4 m). Scoring was as follows: 5 points for passing

across the whole seesaw; 4 points for passing to the equilibrium position and
refreating; 3 points for stepping onto and walking on the seesaw with all four
legs (the equilibrium position is not reached); 2 points for stepping on the
seesaw and retreating; 1 point for stepping on the seesaw with only two
(fore)legs; 0 points if the animal refused to perform the test.

During the gait test, changes (difficulties) in walking were observed by
walking the animal on a dry, straight floor. Scoring was as follows: 5 points
for no visible gait problem and fluent walking; 4 points for slightly uneven
weight bearing on one or more legs; 3 points for obvious deviation in weight
bearing on one or more legs, with clear difficulties in walking; 2 points for
lowering of hind quarters close to the ground, placement of hind legs under
the body; | point for sliding the legs out of the symmetry; 0 points if the pig
was unable to move and perform the test.

During the tunnel test, three biscuits were placed in different spots in the
tunnel (diameter, 0.5 m; length, 1.5 m). The animal was expected to eat all
the biscuits. Scoring was as follows: 5 points if three biscuits were eaten;
4 points if two biscuits were eaten; 3 points if only one biscuit was eaten;
2 points for entering the tunnel but not eating any biscuits; 1 point for
showing no fear to enter but not entering the tunnel; 00 points if the animal
refused to perform the test.

The tests were genotype blinded,
know the genotype of the animal.

tors did not

ing that the eval

Statistics

All statistics were carried out in GraphPad Prism. Calculation of statistical
significance was performed using Student’s f-test, Mann—Whitney or
two-way ANOVA, as stated. We used the Holm—Sidak method for
adjustment for multiple comparisons, where applicable.
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Table S1. Primer sequences used in this study.

Loci Forward Reverse Purpose
HEBB CTCCTGGGCAACGTGATAGT GGTTCAGAGGAAAAAGGGCTCCTCCT Copy number
HTT ATGAAGGCCTTCGAGTCCCTCAAGTCCTTC  COGCGGCGGTGGCEETTECTETIGCTEGCTG CAG sizing

mtDNA damagelcopy

MT-RNR1 TCGCAACTGCCTAAMACTCA GAATTGGCAAGCGTTGETAA number/mutation frequency

NDUFAS GTTGTGAATGGTGCTAACTGCT ACCAGAGACAATAAAGCAGAGGAG nONA damage

The table shows sequences of primers used for various experimental methods as
indicated in right column.

Table S2. Information about antibodies used in supplementary western blotting

(Fig.S3)
Target Name Manufacturer Catalogue no, Species raisedin Dilution
PDH E1a, PDHE1B,

PDH E2 PDH PDH antibady cocktail Mitosciences MsP02 Mouse 1:2000

E2/E3bp, OSCP
Complex Il subunit Core 2 monoclenal antibody Mitosciences MS304 Mouse 1:10000
NDUFAS Anti-NDUFAS antibedy [20C11B11B11] Abcam ab14713 Mouse 1:3000
SDH70 Anti-SDHA antibody [2E3GC12FBZAEZ] Abcam ab14716 Mousze 1:5000
SDH30 Complex || subunit 30 kDa Mitosciences MS203 1:2000
CORE1 “""‘”"'““'"°":;>t'i‘:;:;°i'1“;;1 g:;;x;]‘ Core Protain’ Abcam ab110252 Mouse 1:5000
COX1 Anti-MTCO1 antibody [1DEE1AB] Abcam ab14705 Mouse 1:2000
COX5A Ant-COX5A antibady [BESB12D5] Abcam ab110262 Mouse 1:2000
ATPA Anti-ATPBA antibody [TH10BDAFS] Abeam ab110273 Mouse 1:1000
Mitofilin Anti-Mitofilin antibody [2E4ADS] - Mitochondrial Marker Abcam ab110328 Mouse 1:1000
Aconitase Anti-Aconitase 2 antibody [5F12BD8] Abcam ab110321 Mouse 1.2000
QPA1 Purified Mouse Anti-OPA1 Clane 18/0PA1 BD Biosciences 612606 Mouse 1:2000
Porin Anti-VDAC1 [ Porin antibody [20812AF2] ab14734 Mouse 1:2000
ATPE Ant-ATPE antibedy [3D5] - Mitechondrial Marker Abcam ab14730 Mouse 1:1000
coxa Ant-MTCOZ antibody [12C4F12] Abcam ab110258 Mouse 1:10000
C5 Anti-Citrate synthetase antibody [2ZHEBBS] Abcam ab128564 Mouse 1:2600
GAPDH Anti-GAPDH antibody [ECE] Abcam ab8245 Mouse 1:3333
MRPS31 Anti-MRPS31 antbody [EPR10707] Abcam ab167408 Rabbrt 1:3333
Artirabbitlge  AnFRebbitlaG “"r:r:d‘:l‘:g:::?””d“”m'mdy Sigma-Aldrich A545 Goat 1:2500
Anti-mouse IgG Anti-Mouse 1gG (whole moleculs |-Peroxidase antibody Sigma-Aldrich A8924 Goat 1-2500

preduced in goat
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Fig. S1. Validation of TgHD minipig model. (A) PCR-mediated genotyping of the
TgHD model transgene. Electrophoretic separation of PCR products made using HTT
specific primers confirmed the presence of the expanded CAG repeat in TgHD
minipigs. (B) Size determination of CAG repeat tracts. Capilliary electrophoresis and
fragment analysis using size standards (yellow) and GeneMapper® software
confirmed the absence of polyQ mHTT in WT minipigs (C) and showed presence of
mHTT with -121 CAG repeats in TgHD minipigs. Representative samples shown.
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Fig. S2. Base maodifications in the TgHD minipig model. LC-/MS/MS analysis of
DNA showed normal levels of 5-hm(dC) and 5-ohC in all tissues (A, B). Student’s t-
test. Box plot whiskers indicate minimum to maximum values, with hinges representing
the 25" and 75" percentile and median indicated by the center line. Sample sizes:
PBMCs: WT n=10, TgHD n=6; frontal cortex: WT n=10, TgHD n=7; basal ganglia: WT
n=2, TgHD n=5.
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Fig. S3. Mitochondria-related protein expression in the TgHD minipig model.
Western analysis showed normal levels of mitochondria associated proteins in frontal
cortex (A,B) and PBMCs (C). Box plot whiskers indicate minimum to maximum values,
with hinges representing the 25™ and 75" percentile and median indicated by the
center line. Student’s t-test, adjusted for multiple comparisons using the Holm-Sidak
method. Sample sizes: Frontal cortex: WT n=9, TgHD n=7, except OPA1 and Porin
WT n=6, TgHD n=4; PBMCs: WT n=13, TgHD n=13, except CS WT n=13, TgHD n=12,
MRPS31WT n=11, TgHD n=12, SDH30 WT n=13, TgHD n=12.
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Fig. S4. Cytochrome c oxidase (COX) and citrate synthase (CS) activity in
homogenates and isolated mitochondria from TgHD minipig brain. COX and CS
activity unchanged in mitochondrial isolates in frontal cortex (A) and after normalizing
to CS (B). COX and CS activity unchanged in mitochondrial isolates in basal ganglia
(C) and after normalizing to CS (D). Arbitrary units (A.U.) represent enzymatic activity
as nmol/min/mg. Student's t-test. Box plot whiskers indicate minimum to maximum
values, with hinges representing the 25™ and 75™ percentile and median indicated by
the center line. Sample sizes: Frontal cortex: COX (mito.) WT n=19, TgHD n=21, CS
(mito.) WT n=19, TgHD n=21, COX/CS (hom.) WT n=19, TgHD n=21, COX/CS (mito.)
WT n=19, TgHD n=21; basal ganglia: COX (mito.) WT n=10, TgHD n=9, CS (mito.)
WT n=10, TgHD n=9, COX/CS (hom.) WT n=10, TgHD n=9, COX/CS (mito.) WT n=10,
TgHD n=8. «mito”: isolated mitochondria; “hom”: homogenate.
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Fig. S5. Coupled activity of mitochondrial complex lI+lll and I+lll in TgHD minipig
model brain. SCCR activity (I1+1l1) and NCCR activity (I+11l) in frontal cortex (A) and
basal ganglia (B) showed normal levels compared to WT animals. Arbitrary units (A.U.)
represent enzymatic activity as nmol/min/mg. Student's t-test. Box plot whiskers
indicate minimum to maximum values, with hinges representing the 25" and 75"
percentile and median indicated by the center line. Sample sizes: Frontal cortex: SCCR
WT n=19, TgHD n=21, NCCR WT n=19, TgHD n=21; basal ganglia: SCCR WT n=10,
TgHD n=9, NCCR WT n=10, TgHD n=9. SCCR- succinate cytochrome c oxidase,
NCCR- rotenone sensitive NADH cytochrome ¢ oxidase.
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Motivation of the study

Misfolded mtHtt undergoes disease-specific enhanced proteolysis leading to mtHtt
fragmentation. Soluble mtHtt monomers, N-terminal fragments incurred by proteolysis and
mtHtt oligomers inchmeal form aggregates which are one of the main characteristics of the
brains of HD affected individuals. Inclusions associated with axonal degeneration were
confirmed in axons in HD mice. Mostly vulnerable and lost are medium-sized spiny neurons
in striatum and the pyramidal cells in the cortex. Moreover, activated microglial cells and
demyelination are associated with HD. Activated microglia induce the production of Al
astrocytes. One of the easily observable attribute of HD progression is weight loss and
decreased body mass index of HD patients. We detected a reduction of DARPP32 expression,
a selective marker of striatal medium spiny neurons, and microglial activation in 24-month-
old TgHD animals (Paper III). Therefore, we were interested in how does the HD phenotype
progress in 4 to 6-year-old TgHD minipigs.

Summary

We investigated the brain tissues of 48- and 60-70-month-old TgHD minipigs and
detected the huntingtin expression mainly in spiny neurons of striatum and in cortical
pyramidal neurons. We proved severe fragmentation of mHtt in putamens of 48-month-old
TgHD minipigs but less mtHtt fragments were presented in 60-70-month-old TgHD
putamens. Moreover, WB detected smears at the high molecular weight in 60-70-month-old
TgHD putamen which could represent oligomeric structures of mtHtt. We assumed that these
findings correspond to the aggregation process, where fragments start to form oligomeric
structures. We did not prove a difference in a presence of potential Htt aggregates in TgHD
and WT minipigs by immunohistochemistry. However, specific inclusions in the neuronal
axons were detected by transmission electron microscopy in 60-70-month-old TgHD brains.
There was no change observed in neuronal bodies, but neurites disclosed a mild
neurodegeneration of TgHD brain.

We observed age-related progressive reduction of medium-sized spiny neurons
in TgHD brains with a significant relevance in putamen.

Next, we demonstrated activated microglia at 48-month-old brains, while no
significant difference in microglial activation was showed at the age of 60-70 months.
Vice versa, no activation of astrocytes was detected at 48 months while a significant increase
of activated astrocytes was observed in 60-70-month-old brains. It was showed that activated

microglia induce the production of Al astrocytes, which fail to support neuronal survival and
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can trigger neuronal degeneration, Therefore, we supposed that activation of actrocytes at 60-
70 months is a respond to microglial activation at the age of 48 months. However,
a production of Al astrocytes was not investigated in TgHD minipigs, and thus this
assumption needs to be further validated. Futhermore, it was showed that activated microglia
cause damage of oligodendrocytes what leads to demyelination of white matter in mice
models. We demonstated significantly decreased myelination of nerve fibres in striatum and
subcortical white matter of TgHD minipig at 48 months but no change was observed in 60-70-
month-old TgHD brains. Moreover, we confirmed significantly decreased cellularity in 60-
70-month-old TgHD brains, while no diference in cellularity was detected at 48 months.
These findings indicated genotype- and age-specific loss of cells in TgHD minipig brains.

Lastly, we monitored the weight of the animals longitudinally from the age of 1 to
7 years. We decided to calculate the animal body mass index (ABMI), a weight correlated by
height and length of the animal, because we faced the problem of individual and sex
variabilities. ABMI increased up to the 4 years of age. Then ABMI of sows started
to decrease and a significant weight loss was observed at the 6-7 years. ABMI of boars older
than 4 years oscilated in the same level and showed a slight non-significant decrease at 6-7
years of age.

Taken together, we confirmed the mutant huntingtin expression in striatal spiny
neurons and in pyramidal neurons of cortex. We demonstrated age-dependent loss of striatal
neurons and fragmentation of mtHtt. We showed a potential linkage of microglial activation
with demyelination of brain white matter and activation of Al astrocytes. At 60-70 months,
we detected clusters of structures accumulating in the neurites of some neurons, a sign of their
degeneration and reduced cellularity in basal ganglia and cortex. The appearance of axonal
inclusions, age-dependent cellular degeneration and dwindled ABMI foreshadowed slow but

proceeding neurodegeneration in TgHD minipigs.
My contribution

I conducted the monitoring of weight loss of minipigs and processed the weight loss

data validation. I participated on processing of the brain samples from sacrificed animals.
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Summary statement

Longitudinal phenotyping studies of the minipig model for Huntington’s disease
demonstrated a slow and age-dependent neurodegeneration. The experimental data of the
phenotype progression form a background for effective preclinical studies of gene or disease

modifying therapy.
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ABSTRACT

Recently developed therapeutic approaches for the treatment of Huntington’s disease (HD)
require pre-clinical testing in large animal models. Minipig is a suitable experimental animal
because of its large gyrencephalic brain, body weight of 70 — 100 kg, long lifespan,
and anatomical, physiological and metabolic resemblance to humans. The Libechov
transgenic minipig model for HD (TgHD) has been proven useful for proof of concept
of developing new therapies. However, to evaluate the efficacy of different therapies on the
disease progression a broader phenotypic characterization of the TgHD minipig is needed.

In this study, we analysed the brain tissues of TgHD minipigs at the age of 48 and 60-70
months and compared them to wild type (WT) animals. We were able to demonstrate not only
an accumulation of different forms of mutant huntingtin (mHTT) in TgHD brain, but also
pathological changes associated with cellular damage caused by mHTT. At 48 months,
we detected pathological changes including the demyelination of brain white matter, loss
of function of striatal neurons in the putamen and activation of microglia. At 60-70 months,
we found a clear marker of neurodegeneration, a significant cell loss detected in the caudate
nucleus, putamen and cortex. This was accompanied by clusters of structures accumulating
in the neurites of some neurons, a sign of their degeneration also seen in Alzheimer’s disease,
and a significant activation of astrocytes. In summary, our data demonstrate age dependent

neuropathology with later onset of neurodegeneration in the TgHD minipigs.

INTRODUCTION

Huntington’s disease (HD) is an inherited progressive neurodegenerative disease without
current effective treatment. It is caused by CAG triplet expansion in exon 1 of the huntingtin
gene (HTT) encoding mutant huntingtin protein (mHTT). HD patients suffer from involuntary
chorea-like movements, poor balance, cognitive dysfunction, emotional disturbances and
weight loss. HD manifests typically between thirty and fifty years of age correlating with
CAG repeat size and genetic and environmental modifiers (Genetic Modifiers of Huntington’s
Disease (GeM-HD) Consortium et al., 2015; Gusella et al., 2014).

Even though HD is a monogenic disease, the pathogenesis is rather complicated due to the
important role of huntingtin protein (HTT) in diverse cellular processes including
transcription, RNA splicing, endocytosis, trafficking, anti-apoptotic processes, and cellular
homeostasis (Harjes and Wanker, 2003). It is believed that misfolded mHTT undergoes
disease-specific enhanced proteolysis leading to mHTT fragmentation (Mende-Mueller et al.,

2001). Soluble mHTT monomers, N-terminal fragments and mHTT oligomers, so called
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mHTT intermediates of the aggregation pathway, were described as a trigger of cellular
dysfunction in the affected tissues (Hoffner et al., 2007; Lajoie and Snapp, 2010).

The most affected organ in HD is the brain, especially vulnerable are the medium size spiny
neurons in the striatum and the pyramidal cells in the cortex (Zuccato et al., 2010). In addition
to the atrophy of medium spiny neurons, white matter atrophy, myelin breakdown and
microglia activation are connected to HD (Bartzokis et al., 2007; Paulsen, 2010). Even though
the brain pathology appears before the clinical onset of the disease, widespread neuronal loss
occurs at later stage of HD (Rosas et al., 2008).

The primary goal of HD research is to develop disease-modifying treatment that will prevent
or postpone the onset and slow the progression of clinical symptoms in HD patients.
Unfortunately, several promising therapies with powerful results in HD mouse models failed
to be efficient in humans, such as the mitochondrial coenzyme Q10 (coQ10) (Huntington
Study Group, 2001; McGarry et al., 2017) and creatine (Hersch et al., 2017). The rodent’s
small brain size, differences in neuroanatomy relative to humans and short life span limit their
application for detailed modelling of the pathogenic features of human neurodegenerative
diseases. Therefore, large animal models are desired especially for safety, tolerability,
and efficacy tests of potential therapeutics and longitudinal studies of HD. To this end several
large animal models have been generated such as non-human primates, sheep, and pigs (Baxa
et al., 2013; Jacobsen et al., 2010; Uchida et al., 2001; D. Yang et al., 2010; S.-H. Yang et al.,
2008). The advantages of pigs, especially the minipigs, are the relatively large gyrencephalic
brain with similar neuroanatomy to humans, white to gray matter ratio (60:40) comparable to
humans, adult body weight of 70 — 100 kg, longer life span of 12 — 15 years, relatively low
cost, and lesser ethical problems (Vodicka et al., 2005). Moreover, minipigs are easy to be
maintained in controlled conditions, their litter size is usually six to eight piglets,
thus providing good experimental groups with similar genetic background.

The transgenic HD minipig (TgHD) model was generated in Libechov by the use
of a lentiviral vector expressing N-terminal part of the human mHTT (N548-124CAG/CAA)
under the control of human HTT promoter injected into one cell embryos (Baxa et al. 2013).
Pigs from subsequent generations express human mHTT in all tissues with the highest level
detected in the brain and testes (Macakova et al., 2016; Vidinska et al., 2018). Previously,
sperm and testicular degeneration, impairments of mitochondrial metabolism and glycolysis,
reduction of DARPP32, and other markers of neurological phenotype progression were
demonstrated (Askeland et al., 2018; Krizova et al., 2017; Macakova et al., 2016; Vidinska et
al., 2018).
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The TgHD minipig model was proven to be useful in preclinical testing of HTT-lowering
gene therapy showing the wide-spread vector distribution and considerable HTT lowering
(Evers et al., 2018). Several injected TgHD animals and age-matched TgHD non-injected
controls from the following longitudinal study are still alive and are being monitored.
Therefore, a detailed characterization of TgHD minipig’s phenotype is required to detect the
therapeutic effect of HTT lowering as well as of other therapeutic interventions.

Here, we aimed to further characterize the neuropathological phenotype as the TgHD
experimental animals age. We examined the brain tissue in terms of ultrastructure and
biochemical and histochemical manifestation of important markers of neurodegeneration

at 48 months (4 years) and 60-70 months (5-5.8 years).

RESULTS

Genotype and gender-specific weight loss in TgHD minipigs

Previously, we investigated the motor and cognitive performance of 48-month-old minipigs
and detected a general tendency for reduced performance in all tests with a significant decline
in the ability to perform the tunnel test in the TgHD minipigs (Askeland et al., 2018). Because
motor and cognitive phenotype is connected with weight loss we also measured the animal
body mass index (ABMI), a weight correlated by height and length of the animal. Animals at
the age of 1 year (Y), 2Y, 3Y, 4Y, 5Y, 6Y and 7Y were measured. In order to have enough
animals in each group to perform statistical analysis we pooled age 1-3.9Y, 4-5.9Y, and 6-
7.9Y (Fig. 1A); the number of monitored animals, age, sex, and genotype are indicated under
the graphs (Fig.1B). The ABMI values of boars increase up to the age of 4 years. From the
age of 4 years, ABMI of boars remains on the same level. ABMI of both WT and TgHD sows
increases up to the age of 4 years. From the age of 5 years the ABMI of TgHD sows
decreases, while the change in AMBI of WT sows is minimal. While just a slight non-
significant decrease was revealed in ABMI of TgHD compared to WT boars at 6-7 years, a
significant decrease was measured at 6-7 years old TgHD sows (6Y: p=0,0286; 7Y: p=0.0357,
6-7Y: p=0.0002) in comparison to the WT controls.
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Figure 1: The animal body mass index (ABMI) meausurement of TgHD and WT minipigs at different ages (A)
a graf of ABMI devided by sex into three groups 1-3Y (years old), 4-5Y and 6-7Y, *** p<0.001 (B) Number

of animals measured at certain age

mHTT intermediates of the aggregation pathway accumulate in age and brain region-
specific manner in the TgHD minipig model

We suppose that the changes between WT and TgHD brain tissue are caused by the
expression of mHTT. The expression of the N-terminal part of human mHTT in the TgHD
minipigs and its absence in WT minipigs was confirmed at all ages (from 1-4 years)
and different generations by us previously (Askeland et al., 2018; Baxa et al., 2013; Vidinska
et al., 2018). Here, we evaluated the expression of mHTT, endogenous HTT and its forms by
Western blot using an HTT-specific antibody in the brain of 48-month-old and 60-70-month-
old minipigs. We detected an expression of mHTT, and its several smaller fragments, mainly
in 48 month-old TgHD putamen samples (Fig. 2A). Using a different percentage gel (4-12%)
we detected also smears with two bands at the high molecular weight in 60-70 month-old
TgHD putamen samples presumably showing oligomeric structures (Fig. 2B). Based on this

and our previous results we conclude that the forms of HTT change during aging.
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Figure 2: Western blot analysis of HTT forms (A). Detection of fragmented HTT in putaments from 48 and 60-
70 month-old minipigs using 3-8% gel and EPR-5526 anti-HTT antibody (B) Detection of oligomeric forms
of HTT in putamens from 60-70 moth-old minipigs using 4-12% gels and EPR-5526 anti-HTT antibody.

A representative blots from different TgHD and WT animals are shown.

For the identification and localization of HTT and possible inclusions/aggregates
by immunohistochemistry, the following commercially available primary antibodies were
used: BML-PWO0595, EPR5526 and MWS8. A majority of the huntingtin expression was
localized in the spiny neurons of striatum and in the cortical pyramidal neurons. MW8
antibody was used to reveal potential aggregates. Even when using this antibody, we detected
a few structures with various sizes in diameter in all TgHD basal ganglia, which were
comparable to aggregates observed in HD human brain. Very similar aggregate formations
were also observed in WT basal ganglia. Therefore, we were not able to draw a definitive

conclusion from these results. Since a recent manuscript (Jansen et al., 2017) shows that the
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percentage of neurons having aggregates in post-mortem HD patient brain samples does not

exceed 0.3%, it is possible that the aggregates in TgHD brain were under the detection limit.

Age and genotype-specific shift of characteristic markers of neurodegeneration (cellular
damage)

In order to recognize specific markers of cell damage, we stained brain coronal sections of
48 and 60-70 month-old minipigs with anti-Ibal, anti-GFAP, and anti-DARPP32 antibodies.
At 48 months, the ionized calcium-binding adapter molecule 1 (Ibal), a specific marker
of microglia and their activation state, revealed a more intense staining in the central part
of caudate nucleus in comparison with rather lightly stained fibre-like structures of branching
processes. The semi-quantitative image analysis of Ibal immunostaining showed higher,
statistically significant expression in insular (p=0.0117), and somatosensory cortex
(p=0.0414) of 48-month-old TgHD minipigs compared to WT (Fig. 3). Reactivated astrocytes
and their proliferation activity were determined by glial fibrillary acidic protein (GFAP)
staining. The GFAP is an astrocyte-specific intermediate filament protein, its expression is
required for normal function of fibrous astrocytes (Liedtke et al., 1996). Of note, the majority
of protoplastic astrocytes do not express enough GFAP to stain positive with routine
immunohistochemical (IHC) methods (Chen and Swanson, 2003; Walz, 2000),
and consequently most astrocytes in grey matter are GFAP-negative with routine staining.
This corresponds to our finding in which astrocytes were clearly stained in the white matter
whereas the gray matter structures were less intensively labelled. The image analysis
of GFAP staining demonstrated no significant changes between WT and TgHD minipigs
in the 48-month-old brain substructures of interest (Fig.3). Last, we examined the expression
of DARPP32 in minipig striatum and cortex. DARPP32 is the selective marker of striatal
medium spiny neurons and a potent inhibitor of protein phosphatase 1, which plays
an important role in dopaminergic and glutamatergic signalling. Neurons in the striatum
exhibited very strong DARPP32 staining whereas neurons located in the cortex had a weaker
signal. The results of image analysis of DARPP32 Ilabelling showed a reduced level
of expression in the striatum with a significant relevance in putamen (p<0.05) of TgHD
compared to WT animals (Fig.3). Since DARPP32 is a selective marker of striatal medium
spiny neurons, our finding suggests the loss of function of these neurons with consequences

on dopaminergic signalling in striatum of TgHD minipig brain.

114



WT

Hemisphere

Caudate nucleus

IBA-1

Somatosensory cortex

Caudate nucleus

TgHD

Hemisphere
Caudate nucleus

Somatosensory cortex

Caudate nucleus

&
[
% Putamen Putamen
Basal ganglia Basal ganglia
o
i
1G] Somatosensory cortex Somatosensory cortex

[

Optical Density [%]

Optiaal Dansity [% ]

'DARPP32

PuT

W e
|:| Bank

BTRKTUM

aoRTEY

wo

Wiln Ipigs 88m

Figure 3: Immunohistochemical investigation of expressions of IBA-1 (A-F), DARPP32 (G-L) and GFAP (M-
R) in the brain sections of 48m old animals. The image analysis of the immunohistochemical staining
demonstrated significantly increased IBA-1 expression in insular and somatosensory cortex and significantly
decreased DARPP32 expression in putamen of TgHD animals (S, * significance, PUT - putamen, NC — caudate
nucleus, IC - insular cortex, SC - somatosensory cortex, MC - motor cortex). Scalebar 1 (hemispheres) — 2mm,

scalebar 2 (enlargements of brain structures) — S0um.
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Figure 4: Immunohistochemical investigation of expressions of IBA-1 (A-F), DARPP32 (G-L) and GFAP (M-
R) in the brain sections of 66m old animals. The image analysis of the immunohistochemical staining
a demonstrated significantly increased GFAP expression in striatum and significantly decreased DARPP32
expression in putamen of TgHD animals (S, * significance, PUT - putamen, NC — caudate nucleus, IC - insular
cortex, SC - somatosensory cortex, MC - motor cortex). Scalebar 1 (hemispheres) — 2mm, scalebar

2 (enlargements of brain structures) — 50pum.
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At 60-70 months, the IHC brain sections staining of Ibal indicated only a slightly increased
expression in the motor cortex of TgHD minipig brain; however, the image analysis of Ibal
immunostaining did not show any statistically significant differences between WT and TgHD
minipigs (Fig. 4). Unlike to 48-month coronal sections, we detected a significantly increased
expression of astrocyte marker GFAP in the white matter near striatum (p<0.01), and also
increased (non-significantly) expression in the somatosensory cortex in TgHD 60-70 month—
old minipigs compared to WT (Fig. 4). The image analysis of DARPP32 labelling showed
consistent significantly reduced level of its expression in the putamen (p=0.02) of TgHD
compared to WT, similar to those from 48-months old animals (Fig.4).

For the histochemical demonstration of myelin, Luxol fast blue staining was employed.
Results of this staining showed a significantly decreased myelination of nerve fibres
in striatum (p=0.003) and in the subcortical white matter (p<0.0001) of TgHD minipig
in comparison to WT at 48 months (Fig. 5), but no change in older minipigs at 60-70 months.

WT
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White matter near BG = White matter near BG

White matter near MC '} ‘White matter near MC

Minipigs brain (66m)

Minigigs (48m)
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Figure 5: Luxol fast blue (LFB) histochemical staining of pig brains (A-L) and quantification of myelinization
in white matter on minipig coronal brain sections of 48m and 60-70m old animals (M). The significantly
decreased intensity of myelin staining was detected in a white matter of striatum (E) and somatosensory cortex
(F) of TgHD 48m old animals (*significance). No changes of myelinization were detected in 60-70 old minipigs

(G-M). Scalebar 1 (hemispheres) — 2mm, scalebar 2 (enlargements of brain structures) — 50pum.

117



Altered ultrastructure and cellular loss in the brain of 60-70 months old TgHD minipigs
To visualize the ultrastructure of the striatum and cortex, all 60-70 month-old brain sections
were processed for transmission electron microscopy (TEM). An initial observation pointing
to signs of degeneration was the presence of light and dark neurons, assuming the dark ones
to be actually degenerating as previously described in HD mice (Turmaine et al., 2000).
However, these neurons were found in TgHD as well as in WT samples, and referring to the
literature, the dark cells were eventually evaluated as artefacts that arose during tissue
manipulation and processing (Jortner, 2006). Previously, TEM analysis of HD mice revealed
inclusions of huntingtin in the nuclei as well as in the cytoplasm of the neurons (dark and
light), and in the glia (Davies et al., 1997). But just as in IHC analysis, we could see a few
inclusion-like structures in TgHD as well as in WT samples. There were perhaps a few more
inclusions in the TgHD samples of the cortex, which could possibly be interpreted
as lipofuscin. We also examined the shape and structure of the nucleus. In TgHD neurons, the
folds of the nucleus were seen more often, but sometimes they were seen also in WT.
However, clusters of structures accumulating in the neurites of some neurons which are
probably a sign of their degeneration were detected only in TgHD samples (Fig.6).
These structures are morphologically identical to those detected in Alzheimer's disease
(Nixon et al., 2005). Neuronal bodies are not affected, but neurites are revealing a mild
neurodegeneration of TgHD brain.

Further, we employed toluidine blue staining for the determination of cellularity in WT
and TgHD pig’s basal ganglia and cortex. The changes in cellularity were measured
on segmented images using an image analysis method and the cellularity was calculated as the
percentage of nuclei staining in the selected region of interest (ROI). Results of statistical
analysis, where unpaired t-test was applied, showed no significant differences in cellularity
between WT and TgHD basal ganglia at 48 months. However, it showed significantly
decreased cellularity of TgHD in both striatal areas (caudate nucleus p=0.0198 and putamen,
p=0.0245) and motor cortex (p=0.0355) at 60-70 months (Fig. 7). These results indicate

genotype and age-specific loss of cells in TgHD minipig brains.
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Figure 6: Electron microscopy of motoric cortex and caudate nucleus. Light (A, C) and dark (B, D) neurons.
Dystrophic neurite (E). Accumulation of multilamellar bodies in unmyelinated neuronal process (F). Dense
bodies in myelinated process are probably remnants of degenerated mitochondria (G). Autophagic vacuoles

in a myelinated process (H).
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Figure 7: Toluidine blue histochemical staining in hemispheres (A-D) and caudate nucleus (E-H) and
quantification of cellularity in striatum and motor cortex of minipig brain sections of both 48-month and 66-
month-old animals using image analysis methods (I). The significantly decreased cellularity was detected

in putamen (PU), caudate nucleus (NC) and motor cortex (MC) of TgHD 66 month-old animals (I, *

significance). Scalebar 1 (hemispheres) — 2mm, scalebar 2 (enlargements of brain structures) — 50pum.
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DISCUSSION

The TgHD minipig is an important biomedical model primarily designated for testing
therapeutic interventions. It can overcome the gap between rodent models and human patients
to gain more preliminary knowledge before proceeding with demanding and expensive
clinical trials. For this reason, an extensive phenotypical characterization of the TgHD
minipig model is highly warranted. The previous characterization showed locomotor
functional decline together with genotype-specific effects on mitochondrial DNA (mtDNA)
damage, mtDNA copy number, and markers of a metabolic alteration that manifest
in a progressive neuropathology at 48 months (Askeland et al., 2018). In the present study,
we extended our observations and tested older animals for weight loss. Weight loss is
a hallmark of HD progression, the decrease in patients’ body mass index (BMI) is associated
with functional, motor, and cognitive decline (van Der Burg et al. 2017). Accordingly,
we found a significant decrease in ABMI of 6-7 years old sows and a slight non-significant
decrease was revealed in ABMI of TgHD boars compared to WT boars at the same age
(Fig.1). This is also consistent with our previous data of a perturbed mitochondrial phenotype
in TgHD minipig muscle tissue starting at 36 months prior to the development
of mitochondrial ultrastructural changes and locomotor impairment beginning at the age
of 48 months (Rodinova et al., in press).

There is strong evidence that HTT is fragmented in affected individuals (Bates et al., 2015)
and the N-terminal mHTT fragments accumulate with the disease progression, translocate into
the nucleus and cause aberrant protein interaction leading to cellular dysfunction (Benn et al.,
2005; Graham et al., 2006; Saudou et al., 1998). mHTT also forms aggregates that were
initially described as being the toxic trigger in HD (Davies et al., 1997). However, the later
studies suggest also a protective role of aggregates, as they reduce the level of the toxic
soluble protein (Miller et al., 2010; Saudou et al., 1998). Thus soluble intermediates of the
aggregation pathway, oligomers forming from mHTT fragments, are described as the most
reactive harmful species (Truant et al., 2008). We previously reported tissue-specific and age-
correlated progressive HTT fragmentation in different tissues collected from animals up to
24 months (Vidinska et al., 2018). Here we show severe mHTT fragmentation at 48 months
but less fragmentation occurring at 60-70 months (Fig.2A). It can be explained by the
aggregation process, where fragments at certain point start to form oligomeric structures
(Fig.2B). This age-dependent process has been previously seen in R6/2 and knock-in HD

mice (Sathasivam et al., 2010).
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In this study we also demonstrate the age related changes in markers of neurodegeneration
in TgHD brains at two time points, 48 months and 60-70 months. Reduction of DARPP32,
an integrator of neurotransmission, has been described in different HD models well before the
onset of the behavioural phenotype (Heng et al., 2007; Woodman et al., 2007). Also in our
TgHD minipig model, we previously reported downregulation of DARPP32 at 16 and
24 months (Baxa et al., 2013; Vidinska et al., 2018). Consistently, here we report
the downregulation of DARPP32 at 48 months as well as at 60-70 months.

We also show microglial activation at 48 months. This result is in line with microglial
activation at 24 month-old TgHD minipig brain sections (Vidinska et al., 2018), together with
decreased levels of IFNa and IL-10 and increased levels of IL-8 and IL-1p in the microglial
secretome in TgHD compared to WT controls (Valekova et al., 2016). The increased levels
of IL-8 and IL-1p were also found in plasma of pre-manifest HD patients and were linked to
increased central microglial activation (Politis et al., 2015). It was recently revealed that the
activated microglia induce the production of Al astrocytes (Liddelow et al., 2017).
In the present study, we used GFAP as a marker of astrocytes’ activation, and we did not
detect activation of astrocytes at 48 months but a significant increase of activation at 60-70
months, which could be an effect of high microglial activation at 48 months. It was shown
that Al astrocytes fail to support neuronal survival; in contrast, they can trigger neuronal
degeneration (Liddelow et al., 2017). Their increased number was demonstrated in HD
as well as in other neurodegenerative diseases (Hinkle et al., 2019). However, the higher
presence of Al astrocytes specifically was not measured in TgHD minipigs. Therefore it is
just an assumption that our detection of activated astrocytes reflects a higher production
of harmful A1 astrocytes, and it needs to be further validated.

Additionally, we detected demyelination at 48 months similarly as in our previous study,
where we examined brain sections from 24 month-old TgHD animals compared to WT
(Vidinska et al., 2018). Also in different mice models the demyelination occurs before
neurodegeneration (Teo et al., 2016). Activated microglia expressing proinflammatory
mediators damage oligodendrocytes and consequently cause demyelination of white matter
(Peferoen et al., 2014). It is interesting that both microglia activation and demyelination were
significant at 48 months but not at 60-70 months, where astrocyte activation takes place.

As previously discussed, no genotype-specific aggregates were found in the brains of TgHD
minipigs by IHC. However, the TEM analysis revealed TgHD-specific inclusions in the axons
of some neurons (Fig.6). Inclusions in axons were also detected in HD mice and associated

with axonal degeneration (Li et al., 2001). Inclusions can block axonal transport and thus
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contribute to the degeneration of mitochondria and other organelles and ultimately lead to
neuronal degeneration. However, it is also possible that mHTT directly binds to synaptic
vesicles and affects synaptic transmission before forming large aggregates (Usdin et al.,
1999). We also found age and genotype-related cellular loss in basal ganglia and cortex
(Fig.7). Cellular degeneration particularly in basal ganglia and cortex is the hallmark of HD
progression (Zuccato et al., 2010). Our finding of axonal inclusions together with the age-
dependent cellular degeneration is one of the main findings of this study and shows slow but
progressive neurodegeneration in the TgHD minipig model with N-terminal part of human
mHTT. The slow progression observed in this model is surprising since the triplet repeat
lenght is 124 thus modelling a juvenile form of the disease. It is possible that the slow
progression is due to the CAG/CAA mix of the repeat region of mHTT. This design aimed
for a better stability of the construct when generating this TgHD minipig model in 2008 (Baxa
et al., 2013). Nevertheless, later on it was revealed that there is a dramatic striatal-specific
somatic repeat expansion in HD patients causing the striatal cells to be more vulnerable to the
effect of mHTT (Swami et al., 2009). However, the slow progression of the TgHD minipig
model with the currently and previously described HD specific biomarkers of disease

progression can serve for evaluation of HD treatment efficacy.

MATERIALS AND METHODS

Minipig material and sample collection

Transgenic minipigs with the N-terminal part of human mHTT were studied. The genotype
was determined by PCR according to Baxa et al. (2013) from DNA isolated from minipigs
skin biopsies after weaning. 48 month-old TgHD minipigs (n =6) and their WT controls
(n=6) and 60-70 month-old TgHD minipigs (n =6) and their WT controls (n = 4) from F2
generations were perfused under deep anaesthesia with ice cold PBS. Various tissues were
isolated and stored after snap freezing in liquid nitrogen. The right hemisphere of each
perfused brain was directly fixed for immunohistochemistry. The entire study was carried out
in agreement with the Animal Care and Use Committee of the Institute of Animal Physiology
and Genetics, under the Czech regulations and guidelines for animal welfare and with
the approval of Czech Academy of Sciences, protocol number: 53/2015

The body mass index calculation

Animals are weight regularly in the same hour of the daz. Their body mass indexes (ABMI)

were calculated as follows: ABMI= m/h*]; m = weight of animal, h = height of animal
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in withers, 1 = length of animal from withers to tailbone.The results were evaluated using
GraphPad Prism 6 by t-test/Mann-Whitney test.

SDS-PAGE and Western blot

Tissue samples were homogenized in liquid nitrogen using a mortar and lysed in RIPA buffer
(150 mM NaCl, SmM EDTA pH 8, 0.05% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1%
Triton X-100, 50 mM Tris-HCI pH 7.4, inhibitors of phosphatases and proteases), sonicated
for 15 min, and centrifuged at 20000 g, 15 min, at 4°C. Samples (10 pg of total protein) were
loaded onto 3 — 8% or 4-12% Tris-acetate gel (#EA03758, LifeTech) and run at 150 V.
Gel was transferred onto nitrocellulose membrane, blocked in 5% skimmed milk, and probed
overnight with anti-HTT antibody diluted in 5% milk (EPR5526, Abcam, 1:3000), diluted
in 5% milk, at 4°C at 4°C. Memcode protein staining (LifeTech) was used for normalization
of loading. Secondary antibody conjugated with HRP (anti-mouse, #711-035-152, Jackson
ImmunoResearch, 1:10000 or anti-rabbit, #711-035-152, Jackson ImmunoResearch, 1:10000)
was used. The signal was revealed by chemiluminiscence (ECL, #28980926, APCzech)
and detected by The ChemiDoc XRS+system (Biorad).

Immunohistochemistry

Right hemisphere from each animal was fixed in 4% paraformaldehyde for 24 hours and then
cryoprotected with 30% sucrose containing 0.01% sodium azide. Frozen coronal sections
were prepared using tissue freezing medium (Leica, 14020108926). The free-floating sections
(three per animal) of a thickness 40 um were sequentially treated with formic acid, 0.3%
hydrogen peroxide in MetOH and blocking serum to unmask antigens and reduce endogenous
peroxidases and unspecific binding of antibodies. The sections were incubated with the
following commercially available primary antibodies: Ibal (AIF1, Synaptic System),
GFAP (G3893, Sigma Aldrich), DARPP32 (ab40801, Abcam), anti-HTT (BML-PW0595,
Enzo Life Science; EPR5526, Abcam; and MWZS) diluted in 5% milk (all 1:250), at 4°C. The
specificity of primary antibodies was verified by Western Blot and/or comparative
immunohistochemistry of mouse WT and TgHD (R6/2, 12 weeks old) brain sections in the
previous study. After washing, sections were incubated with biotinylated donkey anti-rabbit
or sheep anti-mouse secondary antibody (both 1:400, Amersham, Buckinghamshire, UK)
followed by the incubation with avidin-peroxidase complex (1:400, Sigma-Aldrich).
The labelled sections by peroxidase were developed with DAB tablets (#4170, Kementec
Diagnostics). The specificity of secondary antibodies was confirmed by using negative
controls. The evaluation and quantification of immunoreactivity was performed using

a densitometry measurement of staining by image analysis software VS-Desktop (Olympus,
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Tokyo, Japan) and ImageJ (Rasband, W.S., U. S. National Institutes of Health, Bethesda,
Maryland, USA). According to the 3D view model of pig brain (from program 3D Slicer;
slicer.org) optical sections were divided into substructures: basal ganglia (caudate nucleus,
putamen) and cortex (motor and somatosensory and insular), in which the mean of intensity
was measured. For statistical analysis an unpaired t-test or a one-way ANOVA test with
Bonferroni’s (or Tukey’s) multiple comparison post-test was employed using GraphPad
PRISM software (GraphPad Software, San Diego, CA, USA).

Histochemical examination of brain tissue

For histochemical demonstration of myelin Luxol fast blue staining was employed. Toluidine
blue staining was used for the determination of cellularity in WT and TgHD pig caudate
nucleus. The changes in cellularity were measured on segmented images using image analysis
method and the cellularity was calculated as percentage of nuclei staining in selected region
of interest (ROI). Unpaired t-test was applied.

Electron microscopy (EM)

Small blocks of motor cortex and striatum were fixed in 300 mM glutaraldehyde (Sigma-
Aldrich) in 100 mM cacodylate buffer for 2 h at room temperature (RT), washed in the same
buffer and post-fixed in 40 mM osmium tetroxide (Polysciences) in 100 mM cacodylate
buffer for 1 h at RT. After rinsing in cacodylate buffer and dehydratation in ethanol the
samples were embedded in araldite resin (Durcupan ACM, Sigma-Aldrich). 60 nm thick
sections were cut using Leica EM UC6 ultramicrotome and stained with uranyl acetate and
lead citrate. Sections were examined under FEI Morgagni 268D electron microscope (FEI

Company, The Netherlands) at 70 kV.
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Motivation of the study

We demonstrated pre-clinical HD-like phenotype in our TgHD model. Firstly,
we proved sperm and testicular degeneration (Papers I and II). Next, we showed age-related
transformation of mHtt intermediates with inclusions in the axons of some neurons, loss
of medium sized spiny neurons, activation of microglia and demyelination of white matter
(Papers III and V). Moreover, we observed changes in mtDNA integrity (Paper IV). We were
also interested in the manifestation of clinical symptoms of HD. Unsteady gait and worsened
movement coordination ability, as well as impaired tongue protrusion were observed in HD
individuals. Morover, cognitive deficits influenced an ability to learn the tasks and spatial
navigation. Next, disturbances in sleep and circadian rhythm projecting into altered physical
activity during the day were confirmed in HD patients. Therefore, we aimed to longitudinally

monitor motor, cognitive and behavioral phenotype of TgHD minipigs.

Summary

We established the tests for monitoring of potential cognitive changes and stress-
induced performance. Morover, motor activity was assesed. Next, we investigated physical
activity by telemetric system adapted for minipigs. We explored a cohort of 30 animals at the
age of 4-7.9 years during the 4 following years.

We assessed the gait of minipigs on the straight dry floor as well as in the test
challenged by obstacle. Significantly decreased walking score was evident in 6-7.9-year-old
TgHD boars when they manifested different movements of hind-legs in comparison to WT
males. Conversely, we detected remarkable deceased walking score in 4-5.9-year-old TgHD
sows, while the decline was not such obvious in TgHD sows at 6-7.9 years. In Hurdle test,
age-dependent (non-significant) impairment was observed in TgHD boars while (non-
signifiant) improvement was detected in 6-7.9-year-old TgHD females. We supposed that the
different body constitution of males and females caused sex-related differences in both tests.
Morover, lower ABMI of 6-7-year-old TgHD females could facilitace their movement
performance, and therefore older TgHD sows showed similar or improved score in Walking
and Hurdle tests. Pull back test was performed to estimate the reaction of animals
to unexpected disruption of their balance. TgHD boars revealed disturbed balance and longer
corrective response to unexpected shove. The Tongue test was assesed to monitor fine motor
skills. TgHD boars reached significantly decreased score in reaching the treats from the

holeboard while TgHD sows obtained very similar score to WT ones.
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Cognitive decline was investigated by Skittles and Cover pan tests. TgHD boars
showed age-dependent diminution in cognitive performance. TgHD sows showed more effort
to perform the tests and their scores were similar to WT females.

Stress-induced tests required courage to succeed in the task. Thus, the response
to stress stimuli and a recollection of memories reflected the abilities and characters and
emotions of the individual animals. Balance beam and Seesaw tests revealed continuous age-
dependent decline in TgHD animals, significant in 6-7.9-year-old TgHD boars.

The physical activity was investigated by telemetric assessment in three different day
intervals: Morning, Lunch and Afternoon. We revealed non-significantly reduced physical
activity in TgHD boars of younger ages (2.6-4.5 years). However, from the age of 4.6 years
the physical activity was decreased only in the morning period while increased during the
lunch time and in the afternoon. Remarkably increased physical activity was observed
between younger and older TgHD boars what could be ascribed to the manifestation of the
disease progression.

In conclusion, all of the tests revealed perspicuous sex-related differences. Genotype-
related impairment was observed in some motor tests and tests monitoring the stress-induced
performance at the age of 6-7.9 years. We demonstated slow progression of clinical

phenotype in adult TgHD minipigs.

My contribution
I participated on experimental design. I conducted experiments monitoring behavior

and changes in motor and cognitive functions. I evaluated all of the data and interpreted

the results. I wrote the draft of the manuscript.
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Summary statement

The transgenic minipig model of Huntington’s disease demonstrates slowly progressive

motor, cognitive and behavioral phenotype with later onset in adulthood.
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ABSTRACT

Huntington’s disease (HD) is an inherited devastating neurodegenerative disease with no cure
up to date. Several therapeutic treatments for HD are in development, nevertheless their
safety, tolerability and efficacy need to betested before translation to bedside.
The monogenetic nature of this disorder enabled generation of transgenic animal models
carrying mutant huntingtin gene (mHTT) causing HD. Large animal model reflecting disease
progression in humans would be beneficial for testing the potential therapeutic approaches.
Progression of motor, cognitive and behavioral phenotype was monitored in transgenic
Huntington's disease minipigs (TgHD) expressing N-terminal part of human mHTT.
New tests were established to investigate a physical activity by telemetry, and to explore
stress induced behavior and cognitive changes in minipigs. The longitudinal study revealed
significant differences inthe 6 -8 year-old TgHD animals compared to WT controls
in majority of the tests. The telemetric study showed remarkable increased physical activity
of4.6 - 6.5 year-old TgHD boars during the lunch time as well as in the afternoon.
The present phenotypic study showed progression of the disease in adult TgHD minipigs and

therefore this model can be suitable for longstanding preclinical studies.

INTRODUCTION

The clinical symptoms of neurodegenerative Huntington‘s disease (HD) are motor, cognitive
and behavioral impairments manifesting typically in mid-thirties (Nance, 1998).
Motor problems include involuntary chorea like movement, poor balance, and disturbed fine
motor skills (Beighton and Hayden, 1981; David et al., 1987). Most prominent cognitive
symptoms include impaired judgment, the inability to initiate, sustain attention, and complete
a task, and also difficulty with tasks requiring flexibility or speed (Brandt et al., 1984; Lai et
al., 2018). The behavioral disturbances include anxiety, depression, irritability, obsessiveness,
and impulsive and aggressive behavior interchanging with apathy (Eddy et al., 2016). HD 1s
induced by abnormal polyglutamine elongation ofthe gene encoding the huntingtin
protein (HTT). Even though, the cause was discovered in 1993, HD is still incurable and
necessarily needs a suitable model for testing potential therapies. Large animal models can
provide better preclinical outcomes including safety, biodistribution, longitudinal assessment,
and efficacy of novel therapeutic approaches compared to rodents (Howland and Munoz-
Sanjuan, 2014). Therefore, large animal models such a non-human primate (Kocerha et al.,
2013; Yang et al., 2008), sheep (Jacobsen et al., 2010), and pigs or minipigs (Baxa et al.,
2013; Uchida et al., 2001; Yan et al.,, 2018; Yang et al., 2010), have been generated.
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Among them minipigs represent a good economical and ethical choice (Morton and Howland,
2013). Their brain is quite large and similarly structured asin humans. Their similar
metabolism, body weight, longevity of 15-20 years, and high reproduction make them suitable
for translational research (Vodicka et al., 2005).

In 2009, transgenic minipig model for HD (TgHD) expressing N-terminal part of human
mutated huntingtin (mHTT, 548 amino acids, 124 Q) was generated (Baxa et al., 2013).
Generally, all tissues isolated from TgHD minipigs from different generations expressed
human mHTT as well as endogenous HTT (Macakova et al., 2016; Vidinska et al., 2018).
Broad phenotypic studies of TgHD minipigs compared to wild type (WT) siblings are
ongoing. The phenotype development of the model was rather slow and the first clear
phenotype preceding the neurodegenerative one was sperm and testicular degeneration linked
with mitochondria metabolism and glycolytic impairment starting at 13 months of age
(Krizova et al., 2017; Macakova et al., 2016). However, reduction of DARPP32, a marker
of a proper function of spiny neurons, has been detected from 16 to 70 months (Baxa et al.,
2013; Vidinska et al., 2018; Ardan et al., unpublished data). Also, other markers
of neurodegeneration such as activation of microglia, and demyelination of white matter
together with mHTT gradual fragmentation were revealed at 24 months (Vidinska et al.,
2018). Next, mitochondrial DNA damage, and marker of metabolic alternation were detected
at 48 months (Askeland et al., 2018). Furthermore, a perturbed mitochondrial function was
detected in TgHD minipig muscle tissue starting at 36 months before alternation in muscle
mitochondria ultrastructure and the first locomotor decline at the age of 48 months (Askeland
et al., 2018; Rodinova et al., 2019 in press). A TgHD genotype specific significant cellular
lost detected in striatum and cortex together with inclusions in the axons of some neurons
were detected at 60-70 months (5-5.8 years) (Ardan et al., unpublished data).

This study aimed to longitudinally monitor motor, cognitive and behavioral phenotype
of TgHD minipigs up to eight years. Gait, Hurdle and a Startbox back and forth tests using
TgHD minipigs were established in George-Huntington’s Institute in Muenster (Schramke et
al., 2016; Schuldenzucker et al., 2017). Activity measured by telemetric system adapted
for minipigs, and cover and skittle toys for cognitive measures and balance beam and seesaw
for stress induced tests were established by us. Within the 4 following years 4 - 7.9 year-old
(4-7.9Y) TgHD minipigs (n = 8) and their WT controls (n = 10) were monitored using motor,
cognitive and behavioral tests and simultaneously, physical activity of TgHD boars (n = 6)

and their WT siblings (n = 6) at the age of 2.5 - 6.5 years was investigated by telemetry.
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RESULTS

Motor impairment

Since the clearest clinical hallmark of HD is movement detriment, unsteady gait and lack
of coordination are perceived in patients (Caron et al., 1993; Vuong et al., 2018) the gait
of minipigs was examined. The Walking test was performed on straight dry floor while
the Hurdle test was challenged with an obstacle. Walking test (Fig. 1A) revealed impairment
in TgHD animals. The decrease in walking score was significant in TgHD boars at the age
of 6 -7.9 years (p=0.013) and in TgHD sows at4 -5.9 years (p=0.015) compared side
by side with their age matched WT controls. More evident changes in walking were observed
among TgHD boars. TgHD animals exhibited different movement ofhind legs.
Tiptoes of TgHD boars tended centrically under their abdomen. Moreover, the movement
of their ankles resembled the movement copying the arc shape (Suppl. 1). Remarkable sex
related differences were observed between TgHD boars and TgHD sows in both younger
(4 -5.9Y) and older (6 - 7.9Y) animals (p = 0.003 and p = 0.024, respectively).

Both TgHD boars and TgHD sows reached lower (non-significant) score in the Hurdle
test (Fig. 1B) related to their WT controls at the age of 4 - 5.9 years. Sex related difference
was observed between 6-7.9 year-old TgHD boars and sows. TgHD boars showed
continuing deterioration within ageing in comparison to WT animals while TgHD sows
showed better test score at the age of 6 - 7.9 years.

Corrective responses to externally generated force pulses were disturbed in HD patients
(Smith et al., 2000), therefore Pull back test (Suppl. 2) was introduced in minipigs. This test
simulated unexpected disruption of animal’s balance. When 6 year-old TgHD boars were
shoved in the haunch area, they lost their balance, hind legs got to slip and moved together
aside in an opposite direction from which the sudden pulse occurred. Their front legs got to
wider position in the effort to keep stability and not to fall. Control WT animals got balanced
in a fleeting moment with no problem concerning their legs.

Next, fine motor skills were investigated. Motor impersistence manifesting as a difficulty
to keep the tongue fully protruded for a few seconds was observed in HD patients (Huntington
Study Group., 1996), therefore Tongue test was introduced to monitor the protrusion
persistence of the animals. The number of reached treats test (Fig. 2A) showed significantly
(p=0.004) decreased score in TgHD boars but very similar score in TgHD sows
in comparison to their WT controls. The Deepest reached hole test (Fig. 2B) revealed
the decreased score in TgHD boars but almost the same score in TgHD sows compared

to WT ones.
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Fig. 1 Motor impairment. A) Walking test. The impairment in gait was observed in TgHD animals. The
difference was significant in 6-7.9 year-old TgHD boars (p = 0.013) and 4-5.9 year-old TgHD sows (p = 0.015)
in comparison to their WT controls. The decline was more obvious in TgHD boars than TgHD sows. Clear sex
related differences were noticed between TgHD boars and TgHD sows of matching ages (p = 0.003 and
p = 0.024, respectively). WT & 4-5.9Y n=4, WT & 6-7.9Y n= 6, TgHD & 4-5.9Y n = 6, TgHD & 6-7.9Y
n=5WT 24-59Yn=8, WT Q 6-7.9Y n=9, TgHD @ 4-59Y n= 8, TgHD ¢ 6-7.9Y n = 8. B) Hurdle test.
The ability to cross the barrier declined in TgHD boars with the age. TgHD sows obtained worse score at the age
of 4-5.9 years, while better score at the age of 6-7.9 years in comparison to their age matched WT controls.
The difference was observed between TgHD boars and TgHD sows at the age of 6-7.9 years. WT & 4-5.9Y
n=3, WT & 6-79Yn=6, TgHD & 4-59Y n=6, TgHD & 6-7.9Y n=5, WT @ 4-5.9Y n=8, WT @ 6-7.9Y
n=>5,TgHD @ 4-59Y n=28, TgHD @ 6-7.9Y n= 5.
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Fig. 2 Tongue protrusion persistence. A) Number of reached treats test revealed notably (p = 0.004) lower
score in TgHD boars. B) The Deepest hole test showed decreased score in TgHD boars and the similar score
in TgHD sows in comparison to their WT controls. WT & 6-7.9Y n= 5, TgHD & 6-7.9Y n= 6, WT Q 6-7.9Y
n=0,TgHD Q@ 6-7.9Y n=17.
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Cognitive changes

Cognitive deficits emerge in HD and ordinarily influence also ability to learn the tasks, spatial
navigation and working memory. Hence, new tests for monitoring of these functions
in minipigs were developed in this study. Skittles test consisted of a pan with 7 holes
concealed by 7 different skittles. Pigs were expected to flip as many skittles as possible.
The treats were hidden under the skittles. Cover pan test consisted of a pan with 6 holes
closed by 6 different movable covers. Animals were expected to move the cover and to reach
the treat hidden under it. Skittles test (Fig. 3A) showed notable (p=0.03) lower score
in TgHD boars in the age of 6 - 7.9 years than in their WT controls while TgHD females
showed similar results to WT ones. Similarly, 6 - 7.9 year-old TgHD males obtained lower
score in Cover pan test (Fig. 3B), while the scores of TgHD and WT females were

comparable. The decline in score was observed in TgHD animals at the age of 6 - 7.9 years.

A) Skittles Test B) Cover pan Test
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Fig. 3 Cognitive changes. A) Skittles test. Significantly (p = 0.03) decreased score was detected in TgHD boars
compared to WT ones in the age of 6-7.9 years, but similar score among all sows. WT & 4-59Yn=2, WT &
6-7.9Y n=6, TgHD & 4-59Y n=5, TgHD & 6-7.9Y n=5, WT 9 4-59Y n=6, WT Q 6-7.9Y n=9, TgHD ¢
4-59Y n=6, TgHD ¢ 6-7.9Y n= 7. B) Cover pan test. Difference was revealed between 6-7.9 year-old TgHD
boars and their WT controls. The impairment of the ability to perform the test within the ageing was observed.
WT & 4-5.9Y n=2, WT & 6-7.9Y n =5, TgHD & 4-5.9Y n=35, TgHD & 6-7.9Y n =3, WT @ 4-5.9Y n=6,
WT @ 6-79Y n=9, TgHD @ 4-59Y n=6, TgHD @ 6-7.9Y n=7.

Decline in stress induced performance
HD patients have difficulties in coping of stressful situations. Therefore, the tests inducing
stress were also investigated. The Balance beam test (Fig. 4A) was previously applied in pig

model of ataxia telangiectasia (Beraldi et al., 2015). Seesaw test (Fig. 4B) was newly
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established inthis study. Both tests showed lower score obtained by TgHD animals
in comparison to WT controls. Significant alterations were detected between 6 - 7.9 year-old
TgHD and WT boars in Balance beam and Seesaw tests (p=0.033 and p=0.004,
respectively). The impairment worsened with the age, mainly in TgHD sows performing

Seesaw test (p = 0.024). Boars obtained higher score in both tests compared to sows.

A) Balance beam Test B) Seesaw Test
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Fig. 4 Decline in stress induced performance. A) Balance beam test. Significant (p = 0.033) deterioration was
observed in TgHD boars at the age of 6-7.9 years. Both TgHD and WT sows reached notable lower score than
boars in older age (p = 0.012 and p = 0.021, respectively). The ability to pass the assessment decreased with the
age in all TgHD animals. WT & 4-59Y n=4, WT & 6-7.9Y n=7, TgHD & 4-5.9Y n =6, TgHD & 6-7.9Y
n=7, WT 24-59Yn=9, WT 2 6-79Y n=9, TgHD ¢ 4-59Y n=28, TgHD @ 6-7.9Y n = 8. B) Seesaw test.
TgHD boars obtained remarkably (p = 0.004) lower score than their WT controls. The reached score decreased
within the ageing in all TgHD animals, significantly (p = 0.024) in TgHD sows. WT & 4-59Y n=2, WT &
6-7.9Y n=6, TgHD &' 4-59Y n=4, TgHD & 6-7.9Y n=5, WT 2 4-5.9Y n=5, WT Q 6-7.9Y n=9, TgHD ¢
4-59Y n=4,TgHD Q 6-7.9Y n=17.

Altered physical activity

People with HD tend to be less physically active in the morning while more active in the
afternoon and evening what is considered to be concerned with sleep disturbances and shifted
circadian rhythm of HD individuals (Herzog—Krzywoszanska and Krzywoszanski, 2019).
The physical activity of minipigs was investigated by telemetric assessment. TgHD boars
were monitored during one-week period insix different sessions. Physical activity was
evaluated in three different day intervals: Morning (2:30-4:30 AM, before morning feeding),
Lunch (9:40-12:00 AM, no external activity) and Afternoon (2:50-3:50 PM, before afternoon
feeding). Total acceleration computed by telemetric system was averaged in 10 minute

intervals. Evaluation of the Morning data (Fig. 5A) revealed decreased (non-significant)

140



activity in TgHD compared to WT controls. During the Lunch time (Fig. 5B) the physical
activity of 2.6 - 4.5 year-old TgHD boars was comparable to WT ones while the physical
activity 0f4.6 - 6.5 year-old TgHD animals was significantly (p =0.026) increased
in comparison to WT controls. Accruement in the physical activity was notable (p = 0.003)
also between 2.6-4.5year-old and 4.6-6.5year-old TgHD boars. Likewise,
in the Afternoon (Fig. 5C) the physical activity was similar in younger animals (age 2.6 -
4.5 years) and increased in the older animals (age 4.6 - 6.5 years). The difference in the
physical activity of TgHD animals during Lunch time and in the Afternoon was remarkably

(p =0.003 and p = 0.002, respectively) increased with the age.
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Fig. 5 Altered physical activity. A) Physical activity was lower in TgHD animals in the Morning. B) During the
Lunch time, 2.6-4.5 year-old TgHD animals had comparable physical activity to their WT controls. The activity
of 4.6-6.5 year-old animals was significantly (p = 0.026) higher than the controls. The activity notably
(p =0.003) increased with the age of TgHD animals. C) In the Afternoon, 2.6-4.5 year-old TgHD animals had
a bit decreased physical activity in comparison to their WT controls while the activity of 4.6-6.5 year-old
animals was higher than the controls. Increase in the physical activity was notable (p = 0.002) within ageing
in TgHD animals. WT & 2.6-4.5Y n=7, WT & 4.6-6.5Y n =17, TgHD & 2.6-4.5Y n = 10, TgHD & 4.6-6.5Y
n=14.

DISCUSSION
Transgenic minipigs encoding truncated human mutant (124 Q) huntingtin (Baxa et al., 2013)
were monitored in longitudinal phenotypic study utilizing motor, cognitive and behavioral

tests. Previously, no significant difference was observed between TgHD and WT sows
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up to 40 months of age (Schuldenzucker et al., 2017). A significant decline in the ability
to perform the Tunnel test and ageneral tendency (non-significant) for reduced
accomplishment in the other motor, behavioral and cognitive tests was detected in a mixed
group of TgHD males and females at the age of 48 months (Askeland et al., 2018).

In this study Walking, Hurdle, Pull back, Tongue, Skittles, Cover pan, Balance beam, Seesaw,
and Physical Activity tests were performed with a larger groups of animals at the age
of 4-5.9 and 6 - 7.9 years whereas the impact of sex was taken into account. The overview
of the test’s outcomes is illustrated in Table 1. The data obtained from the 4 following years
enabled to compare the progress of the observed changes with the age of animals (age: x,

x +1,x+ 2 and x + 3 years).

Table 1 Overview of the test’s outcomes. TgHD animals were compared to their sex- and
age- matched controls. The impairment (|), the improvement (1) or the similarity («) in test
performing is illustrated. (-) the test was not performed. Significance: * p < 0.05, ** p <0.01,
n = non-significant.

TgHD & TgHD
4-5.9Y | 6-7.9Y 4-5.9Y | 6-7.9Y
Walking Test " L* 1* I
Hurdle Test 1" 1" 1" >
Tongue Test - }**® - -
Pull back Test - " - -
Skittles Test " 1 * " "
Cover pan test " " 1" PN
Balance beam Test " L* " "
Seesaw Test > L** " "
Physical Activity Morning 1" 1" - -
Physical Activity Lunch 1" 1% - -
Physical Activity Afternoon 1" " - -

Stricken gait problems to maintain upright posture and impaired balance are obvious motor
symptoms in HD patients (Riib et al., 2013). Contrary to humans, animal models except

of non-human primates, are tetrapods, therefore they are more stable in motion.
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Still, Walking, Hurdle and Pull back tests showed the motor impairment in TgHD minipigs.
Worsening in Walking test was evident in TgHD boars, remarkable at the age of 6 - 7.9 years
while it was not so obvious in TgHD sows. We suppose that this fact is caused by the body
constitution of males and females. Sows are lower and wider while boars are higher, thus the
center of gravity provides an advantage to females. Center of gravity is more rostral in boars
what could make them more vulnerable to lose their balance on hind legs. Significant decline
in walking was observed in TgHD sows at 4 - 5.9 years of age. We assume that the reason
relates to lower Animal Body Mass Index (ABMI, calculated as aratio among animal’s
weight, height and length) of TgHD sows at 6 — 7 years compared to WTs (Ardan et al.,
unpublished data). Weight loss is aprominent feature of HD and it could facilitate
the movement process of TgHD females. Similarly, worsening with age was observed
in TgHD boars in Hurdle test, even though not significant. In sows, the lower score in Hurdle
test was observed in younger (4-5.9Y) TgHD animals but improvement was detected in older
(6-7.9Y) TgHD females. Again, we assume that the decreased weight of older TgHD females
could help them to overcome the hurdle. Similar to HD patients, TgHD boars revealed
disturbed balance and longer corrective response to unexpected shove. On the other hand,
animals were able to learn from obtained experience and could predict that the shove situation
could occur what was showed by increased ability to keep their stability when the test was
repeated (data not shown). To our knowledge, these are the first impairments in motor
phenotype with adult age onset described in HD large animal models.

Concerning fine motor skills, glossomotography proved an impairment of tongue protrusion
in HD patients (Reilmann et al., 2010). Tongue tests showed that TgHD boars reached
the treats from the holes of shallower depth. Moreover, the number of reached holes was
significantly lower in comparison to WT males. A different situation was observed in TgHD
sows. The number of reached holes, and their depth, was similar to WT controls. Similarly,
no significant changes were detected in TgHD sows up to 40 months of age (Schuldenzucker
et al., 2017). We suppose that this could be an effect of housing of TgHD and WT sows
in shared cotes what could cause that WT dominate sow(s) had eaten more food and TgHD
ones felt hungrier, therefore TgHD sows were more motivated to reach the treat. Moreover,
this effect may be further supported by hyperphagia caused by attenuation of frontal lobe
(cognitive and behavioral deterioration) commonly observed in HD patients (Trejo et al.,
2004).

Similar phenomenon was observed in Skittle and Cover pan tests. These tests were assessed to

investigate next distinctive feature of HD, cognitive decline (Dumas et al., 2013).

143



Age dependent diminution was observed in performance the cognitive tests in TgHD boars.
TgHD sows had results similar to WT controls, thus showing more effort to perform the tests.
Tests inquiring cognition were established in sheep, non-human primates and minipigs.
Choice discrimination tests reflecting reversal learning were used in WT sheep (McBride et
al., 2016) and TgHD minipigs (Schuldenzucker et al., 2017). No significant differences were
observed neither in choice discrimination test nor in dominance test which was used
for testing of dominant/aggressive behavior in TgHD sows up to 40 months of age
(Schuldenzucker et al., 2017).

Balance beam and Seesaw tests mirror a response to stress stimuli and a recollection
of memories. It represents tied connection between cognition and emotions (Marino and
Colvin, 2015). Stress induced tests revealed a continuous decline in TgHD animals with age,
significant in 6 - 7.9 year-old TgHD boars. All females obtained lower score in comparison to
boars. These two tests required more courage to succeed in the task. Females and TgHD boars
showed more fear to step on/pass the Balance beam/Seesaw. Thus, the impairment was
a result of the abilities and characters and emotions of the individual animals.

Overall, TgHD animals spent shorter time performing the behavioral tests and achieved lower
score for performed tasks (non-significant, data not shown), hence reflecting their reaction to
stress — fear and consternation. Cognitive and Tongue tests showed decreased scores reached
in the tests for TgHD boars which simultaneously spent shorter time by performing the tests
(non-significant, data not shown). Tests showed that obtained experience caused that TgHD
boars showed no interest to perform the task, because they realized that those were tasks
in which they had minimal success. The reached test scores were lower than in WT controls
(non-significant, data not shown). Contrarily, investigation time and achieved score were
similar in TgHD and WT sows. TgHD sows showed more effort to perform these tests (non-
significant, data not shown). Cognitive biases in pigs, similarly to humans, are influenced
by mood and personality (Asher et al., 2016) and even if the emotions and mood are
problematically investigated in pigs (Marino and Colvin, 2015), this study revealed the impact
of pig’s emotions, personality and application of learning experiences on motor, cognitive and
behavioral manifestation, furthermore connected to HD genotype.

Perspicuous sex related differences were observed in all test performed in this study.
Even though both TgHD boars and TgHD sows had areduced performance of the tests
compared to WT, TgHD boars showed a significant decrease in performing Walking test,
Balance test, Seesaw test and Skittles test at the age of 6 - 7.9 years, but sows did not.

The boars demonstrated more courage to fulfill the tasks. The sows were generally fatter and
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more hesitant by nature what presumably induced results achieved in the tests. Sex commonly
modulates human behavior including many facets of human brain wide-spreading from ion
channels to brain morphology (Cahill, 2014). The pattern of structural brain changes
associated with huntingtin is strikingly different between men and women (Lee et al., 2017)
what could explain observed differences in performing the tests among TgHD boars and
SOWS.

Next, the automatic measurement for evaluation of the physical activity revealed non-
significant diminution within the all day in TgHD boars of younger ages (2.6-4.5Y). But from
the age of 4.6 years the physical activity was reduced only in the morning period while
increased during the lunch time and in the afternoon. Significant accruement in physical
activity was observed between younger and older TgHD boars what could be tied with the
manifestation of the disease progression. Similarly, decreased morning activity and increased
physical activity in later hours of the day occurred in HD patients. This feature is assigned
to impaired circadian organization (Herzog-Krzywoszanska and Krzywoszanski, 2019; Kudo
et al., 2011; Morton et al., 2005).

In conclusion, gradual progression of the disease was proved in TgHD minipigs.
The outcomes correlate with the disease progression and can be applied for preclinical tests,
particularly for ongoing longitudinal AAV5-miHTT preclinical testing in minipigs after they
reach the age of phenotype manifestation. This approach was based on promising results from
the short three months-study (Evers et al., 2018). Moreover, based on these and preliminary
data of our current longitudinal experiment Food and Drug Administration as well as
European Medicines Evaluation Agency approved this approach for phase I and II clinical
trial. If here established methods and measures could prove postponing of phenotype
development in our TgHD minipigs in ongoing longitudinal AAV5-miHTT experiments,

it could together with the clinical data shorten the time for patients to receive the cure.

SUPPLEMENTAL FILES

Suppl. 1. Walking test. Video

Suppl. 2. Pull back test. Video

Suppl. 3. List of Animals in Longitudinal studies
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MATERIALS AND METHODS

Animals

Transgenic minipigs (Sus scrofa domesticus, Linnaeus) with N-truncated human mutated
huntingtin (Baxa et al., 2013) and their WT controls were used in this study. The individual
animals were monitored by the tests during the 4 following years (2015 — 2018). 8 TgHD
(4 males, 4 females) and 10 WT control (5 males, 5 females) animals in the age of 4 — 7.9
years were monitored in motor, cognitive and behavioral tests (Suppl. 3). Battery
of behavioral tests was conducted 3 — 5 times each year. 6 TgHD minipigs and their 6 WT
siblings in the age of 2.6 — 6.5 years were used for telemetry study (Suppl. 3). Physical
activity was measured in six sessions (September 2015, December 2016, March 2017,
September 2017, December 2017 and September 2018). All experiments were carried out
according to the guidelines for the care and use of experimental animals and approved by the
Resort Professional Commission of the CAS for Approval of Projects of Experiments
on Animals (Approved protocol No. 53/2015).

Walking test

The changes in gait were observed by walking of the animal on the dry, straight floor.
The gait was video-recorded in six-month interval. Scoring was as follows: 5 points for no
visible gait problem and fluent walking, 4 points for slightly uneven weight bearing on one
or more legs, 3 points for obvious deviation in weight bearing on one or more legs, with clear
difficulties in walking, 2 points lowering of hind quarters close to the ground, placement
of hind legs under the body, 1 point if the pig is unable to move 0 points if the animal refused
to perform the test (Askeland et al., 2018).

Hurdle test

In the hurdle test (Fig. 6A) the animals were expected to pass the hurdle (height 15 cm, width
100 cm. Scoring was as follows: 5 points for passing across the hurdle without touching;
4 points for passing across the hurdle with touching of one leg; 3 points for passing across the
hurdle with touching of two legs; 2 points for passing across the hurdle with touching of three
legs; 1 point for passing across the hurdle with touching of 4 legs; 0 points if animal refused
to perform the test (Askeland et al., 2018).

Pull back test

The animals were let to walk on dry, flat floor and unexpected shove was performed to the

haunches area. The stability and reaction to sudden external force were evaluated.
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Tongue test

Tongue test (Fig. 6B) was performed similarly as described previously (Schramke et al.,
2016; Schuldenzucker et al., 2017). Shortly, a board containing 12 holes with stepwise
increasing depth from 1 - 6.5 cm was used. Pigs were expected to pick up as many treats
(biscuits) as possible from a board. The holes were marked from 1 (the shallowest one) to 12
(the deepest one). Two parameters were analyzed and the scoring was as follows:
In the Tongue Number of reached treats test 1 point for each one hole with eaten treat, and in
the Tongue Deepest hole test the score was the same as a mark of the deepest hole from which
the treat was reached.

Skittles test

In the Skittles test (Fig. 6C) the animals were expected to flip as many skittles as possible.
Scoring was as follows: 1 point for each one tumbled skittle (1-7 points) and 0 points
if animal refused to perform the test.

Cover pan test

Cover pan (Fig. 6D) obtained a treats hidden under the 6 movable/sliding covers. Animals
were expected to move the cover and reach the treat under it. Scoring was as follows: 1 point
for each one moved cover (1-6 points) and 0 points if animal refused to perform the test.
Balance beam test

The balance beam (Fig. 6E) consists of 2.5 m long inclined plane, 3.0 m long beam and
extended plane (1.15 x 1.3 m). The animal was expected to step up to an inclined plane, cross
the beam, turn back in the extended part and return back down. Scoring was as follows:
5 points for passing across the whole beam, turning in the extended part and going back
down; 4 points for passing across the whole beam, not turning in extended part, crawfishing
back down; 3 points for stepping on (any part of the) beam; 2 points for stepping on inclined
plane with all 4 legs; 1 point for stepping on inclined plane with 2 forelegs and 0 points
if animal refused to perform the test (Askeland et al., 2018).

Seesaw test

During the seesaw test (Fig. 6F) the pig was expected to pass over the seesaw (3.0 m in length
and 0.4 m in width. Scoring: 5 points for passing across the whole seesaw; 4 points
for passing to the equilibrium position, crawfishing back down; 3 points for stepping onto and
walking on the seesaw with all 4 legs (the equilibrium position is not reached); 2 points for
stepping on the seesaw and crawfishing back; 1 point for stepping on the seesaw with only

two fore legs; 0 points if animal refused to perform the test (Askeland et al., 2018).
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Fig. 6 Motor, cognitive and behavioral studies equipment. A) Hurdle. B) Tongue board. C) Skittles pan.
D) Cover pan. E) Balance beam. F) Seesaw.

Telemetric monitoring of Physical activity

TgHD boars were monitored during one week in each session. Physical activity was evaluated
in 3 different day intervals: Morning (2:30-4:30 AM, before morning feeding), Lunch (9:40-
12:00 AM) and 3rd Afternoon (2:50-3:50 PM, before afternoon feeding). Telemetric system
rodentPACK?2 obtained from emka TECHNOLOGIES (France) was used in the experiments.
Telemetric system consisted of small transmitters and central receivers. Every transmitter
could acquire x, y, z and total acceleration. Data were sampled at frequency 100 Hz with

resolution + 2g. Minipig boars wore collars with transmitters during the experiments (Pokorny

148



et al., 2015). PC collected and stored data from receivers using iox2 software from emka
TECHNOLOGIES. All events during the measurement sessions were recorded, e. g. time
of feeding, cleaning, veterinary and technician intervention or other activities. The first
session including no disturbing activities was used for the statistical analysis. The period
of early morning (just before staff coming after night (before morning feed)) was analyzed.
This period is hypothetically daily time with minimal external influences. Total acceleration
(gravity acceleration [g]), computed by telemetric system and representing the physical
activity of animal, was processed by our scripts for open-source tool ScilLab. The total
physical activity was sampled at 100 Hz and averaged over 10 min. Generated physical
activity (mean from 10 min) from the TgHD and the WT boars were consequently averaged
and used for statistical analysis.

Statistics

Evaluators of all of the tests were blinded for the genotype of the animals. All statistics were
carried out in GraphPad Prism. Calculation of statistical significance was computed using
Student’s t-test or Mann-Whitney test. All figures show the mean results and error bars
represent standard error of the mean (SEM). Significance was set to p<0.05 (* p < 0.05,
**p<0.01).
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Motivation of the study

Voice and speech malfunctions have been reported in many of patients with HD.
Even if humans and pigs have perceptible different anatomy of the articulation organs,
the same trends in pathophysiological processes can be assumed in both porcine grunting and
human phonation. Therefore, the main aim of the study was to design recording of grunting

from minipigs.

Summary

We performed the experiments with a cohort of 17 TgHD and 16 WT age-matched
controls. The recorder was fixed under the animal’s belly. The microphone was then fastened
on the top of the pig’s head, close to its ears.

Firstly, we investigated the ways how to stimulate grunting in the minipigs. We tested
both positive and negative stimulation including feeding, sound stimulation, hindering
in movement or unpleasant touch. Feedeing resulted in the best outcomes. We obtained
satisfactory grunting from 73% of animals. We chosen only rapidly-repeated or single grunts
for evaluation; high-frequency squeals were not included in analyses. Despite the fact that
no significant difference was detected in number of grunts, TgHD pigs tended to grunt more

often and accomplished rapidly repeated grunts.

My contribution

I participated on experimental design and conducted the experiments.
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Grunting in a Genetically Modified Minipig
Animal Model for Huntington'’s Disease —

Pilot Experiments

Chrochtani u geneticky modifikovaného
zviteciho modelu miniprasat pro
Huntingtonovu chorobu - pilotni
experimenty

Abstract

Huntington's disease (HD) is an autcsormnal-dominant neurcdegenerative disorder characterized
by the impairment of voluntary and involuntary moverments, behavioral disorders and cognitive
decline. Besides the main motor symptoms, voice and speech disorders have been documented
in a large majority of patients with HC. The animal model of pigs is often used in preclinical stu-
dies. Although there are cbvious differences in the anatomy of the articulation organs between
pigs and hurnans, the same trends in pathophysiological mechanisms can be expected in both
grunting and human phonation. The main aim of the study was therefore to design a suitable
experiment that would allow for acquisition of a sufficiently long recording of grunting from as
many pigs as possible. The second goal was to perfarm the final version of the experiment in all
available pigs and to evaluate the amount and quality of the acquired recordings. The database
consists of 17 HD transgenic minipigs and 16 healthy siblings. Tested variants of the experiment,
performed on subgroup of four sows, were divided into four subgroups: (a) positive - feeding,
{b) positive - sound stirmulation, (c) negative - hindering in movement, (d) negative — unpleasant
touch. The evaluation of the quality of the elicited recording was performed using audio software
where pure pig grunting was selected and all acoustic artefacts deleted. The best results were
reached using the experiment in which: () a recording device is put on the pig's bady, (i) the pig
is left alone for few minutes in the pen in order to calm down, and (i) a person enters the room
andtries to offer the pig food while walking backwards. As a result, the pig follows the person and
grunts. Sufficiently long (20 single grunts or mare) and clear recordings were received from 24 cut
of 33 pigs (73%). The realisation of the experiment is therefore possible.
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GRUNTING IN A GENETICALLY MODIFIED MINIPIG ANIMAL MODEL FOR HUNTINGTON'S DISEASE - PILOT EXPERIMENTS

Souhrn

Huntingtonova nemoc (HN) je autozomalné dominantni neurodegenerativni onemocnéni charakterizované poskozenim volnich a mirmovolnich
pohybt, poruchami chovéani a zhordenim kognitivnich funkdi. Spolecné s hlavnimi motorickymi pfiznaky byly poruchy hlasu a feéi pozorovany
u vétdiny pacientd s HN. Zviteci prasedi model je asto pouZivan provyzkum v preklinickych studiich. | pfes zevné rozdily v anatomii ar tikulagnich
organtl mezi prasaty a lidmi |ze ocekdvat stejné trendy u patofyziologickych mechanizmi s ohledermn na chrochtani i lidskou fonaci. Hlavnim cilern
této studie bylo proto navrZeni vhodného experimentu, ktery urnozni ziskani dostatecné dlouhého zaznamu chrochtani od co nejvétiiho podtu
prasatek. Daldirm cilem studie bylo zrealizovani vysledné verze experimentu na celé databaz a vyhodnoceni mnaodstvi a kvality ziskanych nahravek.
Databaze pouZita pro studii zahmovala 17 HN transgennich miniprasatek a 16 zdravych sourozencl ze stejnych vrhl. Testované varianty experimentu,
provedené na ¢asti databaze zahrnujici cyfi prasnice, byly rozdéleni do &tyf podskupin: (a) pozitivni - krmeni, (B) pozitivni - zvukova stimulace,
{c) negativni- branéniv pohybu, (d) negativni - nepfijermné doteky. Hodnoceni kvality ziskanych nahrévek bylo provedeno s pomociaudio softwaru,
vekterém byloizolovdno éisté prasedi chrochtani a viechny akusticke artefakty vymaziny. Nejlepsichvysledki bylo dosaZeno spouZitim experimentu
pifi kterémn: (i) je zaznarmové zafizeni upevnéno na télo prasatka, (i) prasatko je ponechano nékolik minut o samoté v mistnosti, aby se uklidnilo a (i)
osoba vstoupi do mistnosti a snaZi se nabizet prasatku krmivo zatimco pfed nim couva. V dlsledlu tohoto jednani prasatko nasleduje osobu s kr-
menim, coZ je doprovazeno chrochtanim. Dostatecné dlouhé (20 chrochtnuti a vice) a gisté nahravky byly ziskdny od 24 233 prasatek (73 %). Zavérem

Ize tedy fidi, Ze experiment je proveditelny.

Introduction

Huntington's disease

Huntington's disease (HD) is an autoso-
mal-dominant inherited neurodegenera-
tive disorder caused by an expansion in the
number of CAG repeats (36 repeats or more)
on the short arm of chromaosome 4p16.3 in
the Huntingtone gene [1,2], which is charac-
terized by uncoordinated body movements,
psychological dysfunction and a reduc-
tion in cognitive decline resulting in de-
mentia. The prevalence of HD is estimated
to be about 4-8 subjects for 100,000 peo-
ple [3] with the onset of the first symptoms
typically occurring in the fourth decade of
life. From a clinical perspective, HD is prima-
rily manifested by involuntary movements
termed as chorea, which may be accompa-
nied by bradykinesia, motor impersistence,
and deficits in movement planning, aiming,
tracing, and termination [4,5]. Additionally,
rigidity or/and dystonia may occur in some
cases as HD progresses. Although the onset
of symptoms and the rate of progression
may vary, the prognosis implies relentless
deterioration with significantly reduced life
expectancy, as no treatment is currently
available to stop disease progression [6].

Animal models of HD

Animal models are crucial in the develop-
ment, evaluation and validation of new
drugs and therapies for neurological disor
ders. A wide range of HD animal models
have been generated to date including
nonmammalian animals (Drosophila, C ele-
gans or zebrafish), rodents, sheep, pigs and
non-human primates (for review see [71) In
general, each of these animal models shows

some biochemical and neuronal features si-
milar to HD in humans [7]. In particular, most
effort has been put into research of mouse
and rat HO models, as these mammals are re-
latively cheap to maintain and easy to breed.
Although the rodents contributed signifi-
cantly to the understanding of the molecu-
lar basis for behaviouraland neuronal abnor-
malities [7-9], rodents and humans differ in
many ways. For example, HD and other neu-
rodegenerative diseases are age-depen-
dent disorders, yet the lifespans of rodents
and humans differ drastically, indicating
that aging processes in different species are
not identical [10). In addition, the anatomy,
physiology and function of the brain in large
mammals are much more complex than
those of rodents. From the clinical point of
view, the rodents’ small brain size also limits
their utility for using non-invasive imaging
methods such as magnetic resonanceimag-
ing which are commonly used in human
patients [11]. These differences dearly indi-
cate that the anatomy as well as physiologi-
cal function of monkeys and pigs are much
closer to humans than those of rodents, and
also explain why large animal models would
be better for mimicking the pathological
features seen in human patients [10]. Using
of transgenic minipigs is also more cost-ef-
fective and raises fewer ethical issues com-
pared to primates,

Voice and speech disordersin human
HD and pig animal model of HD

Voice and speech disorders, known as hy-
perkinetic dysarthria, are a common sign
of HD, developing in more than 90% of HD
patients in the course of the disease [12].

Typical signs of hyperkinetic dysarthria in HD
include voice dysfunction, articulation defi-
cits, irregular loudness variation and abnor-
malities in speech timing [12-16]. Interes-
tinaly, slight changes in voice and speech
production have also been cbserved in per-
sons with preclinical stages of HD [13,16].
Voice and speech disorders may thus have
the potential to serve as a valuable bio-
marker of disease onset [13,16] and may help
to determine the appropriate time for me-
dicalinterventions in the preclinical trials fo-
cused on neuroprotective treatment.

Although there are cbvious differences in
the anatomy of articulation organs between
pigs and humans, one might expected that
similar trends of decreasing voice quality
and articulatory undershooting will be ob-
served in both grunting and human pho-
nation due to the same HD-related patho-
physiology mechanisms. For instance, if the
imprecise articulation of vowels in human
HD patients is characterized by centraliza-
tion of formant frequencies [12], a similar
trend can be expected in HD pig grunting
since the articulatory organs (tongue, lips,
soft palate, jaw, and pharynx cavity) in both
models should have been influenced by
the same motor disturbances such as cho-
rea, rigidity or bradykinesia. Indeed, in a pre-
vious study [14]investigating phonatory dys-
functionin 34 HD patients, a correlation was
found between voice deficits and involun-
tary (rigidity, dystonia, and chorea) compo-
nents of Unified HD Rating Scale.

Types of grunting in healthy pigs
The previous study [17] investigated the
types of vocalization in a group of 67 large
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Fig. 1. Fixation of recording device.

white pigs and revealed three distinctive
types of pig grunting: (a) single grunts -
appear to be assodated with investigatory
behaviour or contact callsin group, (b) single
squeals — may have similar function as single
grunts butresult from a higher level of arou-
sal and (c) rapidly repeated grunts —appear to
have either a greeting or threat function [17].
From acoustical point of view, squeals that
are mainly expressed in situations of urgent
threat or high stress are hig h-frequency calls
while grunts are typically low-frequency
calls [18]. Although there is no previous re-
search focused on possible acoustic grunt-
ing changes due neurodegenerative disor-
ders in animal pig models, it might be
expected that low-frequency calls, i.e. rapi-
dly repeated or single grunts, will be more
suitable for acoustic analyses.

Recording experiment

In the previously published literature [17-22]
focusing mainly on investigation of stress
correlates or possibility to distinguish dif-
ferent emotional states, several types of ex-
periments were used to obtain pig voca-
lization. It appears that the most popular
experiment involved castration [18-20] or
isolation of the subjectfrom groupmates [21]
or piglets from sows [18,20]. Another experi-
ment applied positive stimulations such as
nursing grunting or reunion with sows to
provoke grunting [18,20,22]. However, most
ofthese experiment s are limited to sows and
piglets or cannot be repeated frequently,
which would limit their practical usage in
the preclinical trials where determination of
the appropriate time for medical interven-
tions would be of interest.

Fig. 2. Final design of the experiment with supportive devices.

The aims of the study

The main aim of the study was to design
a suitable experiment that would allow
acquisition of a sufficiently long recording of
grunting from as many subjects as possible
and, at the same time, would be applicable
to pigs of different ages and genders with
the possibility of repeating the experiment
several times with the same subject. The se-
cond goal was to perform the final version
of the experiment with all available pigs and
to evaluate the amount and quality of the
acquired recordings.

Methodology

Database of pigs

The database consists of 17 HD transgenic
minipigs (4 male, 13 female) and 16 healthy
siblings (1 male, 15 female). The animals were
from the first, second and third generation.
The mean age of HD transgenic minipigs
group was 32.5 (SD 15.6, range 8-60) mon-
ths while the mean age of healthy minipigs
group was 23.7 (5D 16.3, range 8-60) mon-
ths. No significant differences in age were
found between the healthy and the transge-
nic group (p = 0.12). All animals were born
and bred at the experimental farm of the In-
stitute of Animal Physiology and Genetics in
Libechow [23].

Recording device

Speech samples were recorded using 24bit
96kHz wave/MP3 recorder (Edirol R-09HR,
Roland, Japanese) anda head-mounted con-
denser microphone (Beyerdynamic Opus
55, Heilbronn, Germany) which were pre-
viously successfully used by our group for
the recording and subsequent analyses of

voice and speech disorders in persons with
HD [12,14]. Grunt signals were sampled at
48 kHz with 16bit resclution. The recording
volume acquire was kept constant over the
recording procedure in all pigs. The recorder
wasputinto a small cloth case with lockable
zippersand an adjustable fabricbelt and fas-
tened around the pig's body so that the re-
corder was situated under the pig's belly.
The microphone was then fixed with stick-
ing tape on the top of the pig's head close
to its ears. In addition, the cable connect-
ing microphone with recorder was fixed on
the pig's back, so as not to become twisted
between the pig's forelegs. As a result, the
microphone was situated approximately
15 to 25cm from the pig's snout based on
its size, See Fig. 1 for details of recording de-
vice fixation.

Proposed versions of the experiment
In previously published literature, mainly
experiments including piglets or nursing
sows were used [18,20,22] for acquisition of
pig vocalizations. However, reliance on the
female gender and specific time periods
would limit the practical usage of such ex-
periments in the preclinical trials where de-
termination of the appropriate time for me-
dical interventions would be of interest.
Moreover, experiments with a strongly ne-
gative context are also not feasible, as pigs
might not be willing to collaborate if repeat-
ing of experiment is required. Therefore we
decided to design and test other possible
variants of experimental design. For test-
ing purposes, a subgroup of 4 pigs includ-
ing 2 healthy and 2 transgenic sows from
the second generation was used. Tested va-
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riants of the experiment were divided into
four subgroups:

-

.Positive - feeding:
bowl with fodder brought into the room
by well-known person,
small tithit (10 raising) hidden around the
room or in a heap of straw,
+ bowl| with fodder hidden under a large
perforated object.

2. Positive - sound stimulation:

+ recorded sound of another pig's grunting
playing from loudspeaker,

+ recorded sound of barking dog playing
from loudspeaker.

3. Negative:

+ a known person will enter the room and

stay motionlessly facing a wall for 5 min,

the pig will be left alone in the room for

5 min while behind the door people will

speak loudly,

the pig will be left alone in the room for

5 min while behind the door another pig

of the opposite sex or their piglets will be

fetched up,

+ aperson will hinder the pig from strolling
freely around the room using big plastic
boards,

+ the pig will be annoyed by a person
{touching ears, scratching on head etc).

4, Another modification of experiment
based on acquired experiences.

The final standardised version of the expe-
riment was proposed based on results ob-
tained from the tested variants and perform-
ed with all 33 available subjects.

Evaluation of acquired recordings

The evaluation of the amountand guality of
elicited recording was performed using the
acoustics software Praat [24]. The parts of re-
cordings that included pure pig grunting with
no acoustic artefacts (i.e, human speech,
smacking or chewing of pigs, stamping of
hoofs, tinkling of handle of bucket or other
background noise) were separated. In addi-
tion, all parts of the recording that were too
loud or too quiet with respect to setting of
the recording acquire were also deleted.
We selected only rapidly-repeated or sin-
gle grunts; high-frequency squeals were not
involved. To ensure the same experimen-
tal condition for all pigs, the gruntings were
selected within first 5 min after the actual

Transgenic pigs (n = 17)

Tab. 1. Breakdown by number and type of grunting.

Healthy control pigs (n = 16)

Number
ofgrunts ~ umber G SG+RRG UMPE  ySG  SG+RRG
of pigs of pigs

0 2 - - 3 - -
1-20 0 - - 4 4 0
21-40 4 2 2 5] 4 2
41-80 8 2 5] 1 0 1
>80 3 0 3 2 0 2

5G - single grunts, RRG - rapidly repeated grunts.

beginning of the experiment. For the pur-
poses of further analyses, rapidly repeated
grunts were recalculated and treated as sin-
gle grunts; as a result, 30 ,single grunts” per
pig were selected if available. Subsequently,
the type of presented grunting, the total
number of grunts, and duration of recording
procedure were calculated for each pig. Fi-
nally, the percentage of correctly recorded
pigs was assigned.

Statistics

As the Kolmogorov-Smirnov test for inde-
pendent samples showed that the para-
meters were normally distributed, the two
sample t-test was used to assess group dif-
ferences. The Pearson coefficient was cal-
culated to determine correlations between
age and number of grunts. The level of sig-
nificance was set at p < 0.05.

Results
Proposed versions of the experiment
The tested sows did not respond optimally
for any of the proposed experiments men-
tioned in the methodology. In particular,
they did not react at all to the persen, who
brought the bowlwith fodder into the room.
Searching for raisins hidden around the
room resulted in continued smacking butno
grunting. Although the pigs were very inte-
rested in the bowl with fodder hidden under
a large perforated crate, the occasional
grunting they performed was also accom-
panied by disturbing acoustic artefacts in
the form of noise caused due to hitting into
the box in an effort to lift it, which preven-
ted the practical use of the recordings. Fur-
thermore, the crate was quickly demolished
by the pigs.

Positive sound stimulations in the form of
another pig's grunting or a barking dog also

resulted in the pig's reaction; however, the
response was only in the form of adjustment
of the head and ears in the direction of the
sound. In addition, they were interested in
sound stimulus only for a short period of
time and when they heard the samerecord-
ing for the third time, they do not react atall.

Negative stimulation turned to be slightly
better with respect to grunting. In particular,
pigs did not respond to the familiar person
ignoring them or to the presence/occasio-
nal grunting of other pig or piglets behind
the wooden door, i.e, they did not try to
communicatewith them. Ontheother hand,
hindering pigs from strolling freely around
the room using big plastic boards and an-
noying them with unpleasant touches in-
deed resulted in pigs grunting. Pigs were an-
noyed mainly by touches associated with
slapping, scratching or squeezing under the
neck and around ears. However, hindering
with boards led mainly to single squeals, and
single grunts were presented only occasio-
nally With respect toirritating touches, apart
from the single squeals also single gruntsre-
latively often occurred.

Design of final experiment

Due to the disappointing results of the ori-
ginally proposed experiments, various mo-
difications were subsequently tested. The
best results were eventually reached using
experiment where: (i) a recording device is
put on the pig's body, (i) the pig is leftalone
for a few minutes in the penin order to calm
down, and (i) a person enters the room and
tries to offer the pig fodder while walking
backwards. As a result, the pig follows the
person and grunts. Food is necessary to of-
fer using the aids that pigs know from every-
day life; in our caseitwasa metal bucketand
a plastic scoop of angular shape (Fig. 2). To
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increase the effectiveness of the experiment
(the amount of obtained grunting), itis feasi-
ble to use supportive sounds, e.g., clinking
of metal handle with the bucket. In addition,
it is useful to perform the experiment with
hungry pigs (omitting two feeding doses)
and with a well-known figurant (a person
from whom the pigs are accustomed to
get food). Although the experiment work-
ed successfully even without these suppor-
tive conditions, more time was demanded
to obtain the required amount of grunting.
The presented design of the experiment led
mainly to rapidly repeated grunts or single
grunts that are thought to be more suitable
for acoustic analysis than squeals.

Evaluation of acquired recordings
Using the final version of the experiment,
we were able to record grunting samp-
les of appropriate quality and amount (at
least 20 single grunts) from 24 out of 33 pigs
(73%). The mean number of gruntsin the HD
transgenic group was 53.0 (SD 34.3, range
0-120) while the mean number of grunts in
the healthy group was 33.5 (SD 41.3, range
0-155). Although there were found no sig-
nificant difference in number of grunts be-
tween both groups (p = 015), the transge-
nic pigs tend to grunt more and also often
performed rapidly repeated grunts. Inte-
restingly, no correlation was revealed be-
tween age and number of grunts (r = 0.002,
p = 0.98). Detailed results on the number
and type of grunting are depicted in Tab. 1.
Considering the duration of the experiment,
the average time was 13.5 (SD 3.0, range
9-20) min with no differences between
groups (p =0.77).

Discussion

Asa part of this study, a standardized version
of the experiment based on manipulative of-
fering of fodder to pigs was designed and re-
sulted in a satisfactory amount of grunting
in 73% of pigs while only five pigs (15%) re-
mained entirely silent, These results are com-
parable with other studies, as some silent or
motionless behaviours have also been pre-
viously reported [1718,20]. For instance, the
study by Tallet et al. [18] which surveys vocali-
zation of 84 piglets from 34 litters using 11 dif-
ferent contexts of emission, reported that in
some situations such as nursing only one or
two piglets of a litter generally vocalise.

On the contrary, a study by Marchant
et al. [17] achieved obviously better re-
sults, as they were capable to obtain voca-
lization from 66 out of 67 gilts using a stan-
dard human approach test. Unfortunately,
we cannot agree with these findings since
we have tried to replicate thiskind of experi-
mentin a subgroup of four pigs and did not
record almost any vocalization at all. This dis-
crepancy might be caused by the different
level of pig socialization with humans, since
we observed that our pigs were rather afraid
than curious considering presence of an un-
familiar person. Indeed, the lowerlevel of so-
cialization might also be a reasonable expla-
nation why our healthy pigs tend to produce
fewer vocalizations than transgenic ones.

Conclusion

With positive motivation using food and
appropriate visual and audio stimulations,
it is possible to persuade pigs to grunt. Suf-
ficiently long (20 single grunts) and clean re-
cordings were received from 73% of pigs.
Our experiment is designed to be applicable
to both genders and various ages and thus
might be successfully used for acquisition of
pig arunting in future research focused on
longitudinal investigation of possible distur-
bancesin pigs' vocalization due to HD.
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DISCUSSION

Large animals respresent an important biomedical models since they may provide

a powerful backgroung for testing the therapeutic interventions.

Generation of germline transgenic large animals with human mutant huntingtin gene

We generated TgHD minipig by lentiviral transduction of HIV1 vectors encoding the
N-terminal (1-548 aminoacids) part of human HTT gene which contained repetitive sequence
of 145 glutamines under the control of the human HD promoter. Vectors were microinjected
into porcine zygotes in syngamy and one TgHD founder saw was born after embryotransfer.
Genomic analyses revealed that one copy of the construct was inserted into chromosome 1
and an in-frame deletion of the expanded polyQ tract from original 145 to consequent
124 glutamines was found. The TgHD animals were not mosaics, since the expression
of mutant Htt was confirmed in all tissues tested across several generations [51]. Both female
and male transmissions of the HD transgene were proved in 6 generations of TgHD minipigs
with an almost equal number of transgenic and WT piglets in each litter. Hence, the lentiviral
construct and its integration had no influence on survival or normal development through
multiple generations. Long insert jumping library whole-genome sequencing revealed no
direct disruption any annotated gene neither no further breakpoint or integration complexity
or other genomic rearrangement caused by the transgene integration [53]. Even if the first
attempts of heterozygote TgHD matings did not result in homozygous progeny [51], currently
we dispose with several F1 homozygous TgHD minipigs, both males and females
(unpublished).

Lentiviral transduction was also used for generation of HD non-human primates
(Macaca mulatta) and HD sheep (Ovis aries). In contrast to our strategy, HD monkeys were
created by lentiviral transduction of MII arrested oocytes followed by intracytoplasmic sperm
injection [48], [49], [54]. The first HD monkey model encoded for exon 1 of huntingtin gene
(HD exon 1 monkey) and showed very high neotanal mortality. Only one from five
HD exon 1 monkey lived longer than one month [49], [55], [56]. Moreover, this one animal
had incorporated a single copy of HTT transgene with 29Qs instead of transducted 84Qs.
Thus, multiple copies of very short N-terminal part of human HTT with long polyQ sequence
could cause an early death in monkeys since the second HD monkey model that encoded for
exon 1-10 of the human HTT with 73Qs (HD exon 1-10 monkey) [48] reached adult age [55],

[57], [58]. Similar to our approach, HD transgenic sheep were created by pronuclear
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microinjection of lentiviral vectors. A proportion of the numbers of transgenic animals and
microinjected zygotes transferred to surrogate females were 1.5% in HD sheep and 3.5%
in TgHD minipigs. By contrast to our model, HD sheep carried a full length human HTT gene
with a sequence of 73 CAG repeats. Five of six transgenic lambs had transgene integrated
at a various but single genomic locus however in multiple copies. Therefore, one of the
founders was chosen for breeding to next generations (OVT73 = Kiwi line) and further
analyses [41].

Except for ours, next two HD pig models were generated by different approaches for
transgenesis. The first germline transgenic HD pigs were created by somatic cell nuclear
transfer technology. These pigs encoded for the first 208 aminoacids of human huntingtin
gene with a tract of 105 glutamines [47]. Similar to the HD exonl monkeys, transgenic piglets
appeared normal at birth but four of five died within a month. The fifth one founder was
viable [47] but did not survive to produce the progeny [52]. Embryos encoded for 208 amino
acids of human HTT with 160Qs failed to develop [47].

Secondly, very prospective approach using CRISPR/Cas9 was applied and resulted
in HD knock-in (HD KI) pigs expressing human exon 1 with a large 150 CAG repeat [52].

The studies indicated that different approaches to transgenesis can result in large
animal models of various spieces and transgene pattern. Each one of the approaches has its
pros and cons and needs to be considered in designing of the experimental study. The length
of transgene in viral vectors is limited, what was a reason why N-truncated HD models were
created. Next, lentiviral strategy is highly random and may result in incorporation of multi
copies of transgene into various loci in the genome. Thus, the founders and offspring can
differ in manifesting symptoms because the expression levels of the transgene can be
influenced by the localization in the genome and by the transgene copy numbers. On the other
hand, SCNT leads to non-chimeric animals in the first generation what is not a certainty with
application of lentiviral technique. The rates of transgenesis and viability of offspring in pig
were higher with lentiviral delivery than with a cloning strategy [47], [59], [60]. Moreover,
SCNT in combination with CRISPR/Cas9 enables specific genetic modifications of the
endogenous genes.

In the end, several different HD large animal models were generated in various species
diverging in the lengths of human huntingtin gene and its polyQ repetition, in localization
of incorporated transgene to the genome and in copy number of inserted constructs.
Moreover, HD KI pig model expressed exon 1 of mutant human Htt at the endogenous levels

while transgenic models expressed two alleles of endogenous huntingtin plus mutant Htt
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form. A consequence of different strategies chosen for generation of HD models is different

phenotype manifestations (see below).

Sperm and testicular degeneration

Although HD is distinguished mainly by neurodegeneration, the expression of mutant
Htt leads to selective cellular dysfunction and degeneration not only in central nervous system
but also in peripheral tissues [61]. The first pathological phenotype observed in TgHD
minipigs was dysfunction of spermatozoa and degeneration of testicular tissue. This may be
not so surprising when we consider very similar gene expression patterns in brain and testis
[62].

We observed the decreased sperm number, motility and progressivity as well as
reduced ability to penetrate the oocytes with intact zona pellucida in 13-month-old boars [51].
These parameters worsened with age in both F1 and F2 generations [51], [53]. Decreased
concentration of semen and/or the changes in sperm motility may be related to notable
reduction in phosphodiesters/yATP ratio in testis of 24-month-old TgHD minipigs [63]
because phosphodiesters peak consists mainly of glycerophosphocholine [64] and there was
observed a positive correlation between the glycerophosphocholine concentration and sperm
motility [64], [65]. Next, we revealed deformed nuclei with incomplete chromatin, absence
of residual bodies and alterations in acrosome in TgHD spermatozoa. We detected changes
mainly in the mid-part of the tail manifesting by multipled axonemes often associated with
disorganized mitochondrial sheaths [53].

We demonstrated age-deteriorated changes in seminiferous epithelium of 24- and 36-
month-old TgHD boars. Sertoli cells and cells of spermatogenic lineage showed proceeded
apoptosis exhibiting by increased density and vacuolation of cytoplasm, dilatation
of endoplasmatic reticulum, swollen mitochondria and structural alterations of nuclei [53].
Previous data discerned apoptosis which manifested by diffuse cytoplasmic vacuolization,
condensed nuclei and electron dense cytoplasm in spermatids [66] and also by disruption
of seminiferous tubules by large vacuoles [67] in mice HD models. Testicular degeneration
was perceived also in postmortem samples from HD patients [34]. Moreover, we proved
significantly impaired spermatogenesis in 36-month-old TgHD boars [53].

To exclude the impact of fertility-related hormones on testicular degeneration,

we examined the plasma levels of luteinizing hormone, inhibin-a and testosterone. We found
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no significant difference between TgHD and control boars [53], correspondingly with
observations in HD patients [68].

We detected comparable expression levels of mtHtt in TgHD testis and central
nervous system tissues of 16-month-old animals [51]. Moreover, we revealed genotype
specific fragmentation of huntigtin protein with some fragments enriched or particularly
expressed only in TgHD tissues. The presence of these fragments was largely demonstrable in
24-, 36- and 48-month-old testes [53], [69], but they were also detected in brain tissue [70].
As we showed later, the mtHtt fragmentation in brain was age-dependent and fragments
accumulated gradually in TgHD minipigs up to 48 months [Ardan et al., 2019; submitted].
These data may elucidate the earlier pathological changes occuring in testis.

Localization of mtHtt to midpiece of spermatozoa [53], [63], colocalization of mtHtt
with mitochondrion [69] and alterations in mitochondrial sheaths [53] indicated potential
process of changes in mitochondrial metabolism. Analyses of 14 to 47-month-old
spermatozoa revealed proportionate age-dependent reduction of complex II subunit succinate
dehydrogenase A (SDHA) and aconitase 2 contents in TgHD boars [69]. The lower contents
of SDHA and succinate dehydrogenase B (SDHB) subunits were observed in striatal neurons
of HD individuals [71]. The decrease in succinate dehydrogenase (SDH) may signify an early
response to oxidative stress [69].

Little is known about reproductive features in large HD animal models. In contrary
with our findings, no significant difference in sperm viability was proved in HD macaque
model [62]. Data describing semen and testicular parameters in ovine and next porcine

models of HD were not published up to date.

Alterations in mitochondrial metabolism
Studies in HD patients and HD rodent models pointed out relation of alterations
in mitochondrial metabolism and HD pathology [72]-[74]. Deterioration of energy
metabolism was showed in the caudate, putamen and cortex of presymptomatic HD carriers
[75], [76]. These observations were supported by the localization of mtHtt to brain
mitochondria [77]-[80] which was age-dependent in HD mouse model [77] and corresponded
with the disease progression.
Disturbances of mitochondrial complex II were observed in the striatum [28], [29],
[81] and peripheral tissues [82] of HD patients. We did not prove changes neither
in mitochondrial electron transport activities nor in activities of pyruvatedehydrogenase,
citrate synthase and cytochrome c oxidase in TgHD brains up to 48 months of age [83].
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However, decreased activity of SDH in TgHD spermatozoa [69] and muscle tissue [84] could
imply that amendments in mitochondria bioenergetics appeared in these tissues prior to
modifications in brain, probably due to higher energy demands of sperms and muscles. In HD
monkey model, transcription analysis revealed longitudinal (age 5 to 39 months) significant
dysregulation of NDUFAS gene which is a part of mitochondrial respiratory chain [48].

Data indicated that mitochondrial functions may be inhibited by induced oxidative
stress [27]. 8-hydroxydeoxyguanosine, a marker of an oxidized DNA, was showed to be
remarkable elevated in the mtDNA of caudate [28] the same as in mtDNA of parietal cortex
of HD patients. Likewise, increased 8-OHdG level was detected in HD mouse brains [25],
[85]. Even if we observed a tendency towards higher levels of 8-0xoG, comparable levels of
malondialdehyde did not confirm an oxidative stress in TgHD brains up to 48 months of age.
Furthermore, we did not detect a difference in levels of 5-hydroxycytosine (other oxidized
base lesion). We suggested that increased 8-oxoG levels were related to analtered repair
activity [83].

It was showed that elevated damage of nuclear DNA is antecedent to impaired
mitochondrial activity in peripheral blood mononuclear cells from HD patients [82]. We did
not observe differences in nuclear DNA damage in TgHD brain tissues. However, we detected
decreased levels of mitochondrial DNA damage in basal ganglia [83]. Similarly, diminished
mtDNA damage was showed in HD subjects [82]. Next, we found brain region dependent
changes in mtDNA copy number where we detected reduced mtDNA levels in frontal cortex
and increased levels in basal ganglia [83]. Thus, it seems that mtHtt expression variously
influences different brain regions. The decrease in mtDNA copy number was observed also

in brains of HD patients [86], thorough individual brain regions were not compared.

Brain pathology

We confirmed comparable mtHtt expression in different brain regions including
cortex, caudate nucleus and putamen of TgHD minipig [51]. Similarly, mtHtt protein was
expressed at equivalent levels from various parts of brains of HD sheep [87]. No brain region
specific difference in mtHtt expression was observed either in HD monkey models [55].
Conversely, dissimilar expression of mtHtt was found in cortex, striatum and cerebellum of
HD KI pigs [52].

Evidence of a presence of fragmented mtHtt was showed in the pre-symptomatic HD
gene carriers [19]. Fragments of mtHtt caused cellular toxicity, induced apoptosis [88], [89]
and their nuclear localization corresponded to the progression of the disease [90]-[92].
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We detected tissue specific accumulation of mtHtt fragments in brains of 24-month-old TgHD
animals [70]. We also showed severe mtHtt fragmentation in 48-month-old TgHD brains.
However, we demonstrated less fragmentation and presence of smears in Western blot which
possibly indicated a presence of oligomeric structures in 60-70-month-old TgHD putamen
samples [Ardan et al., 2019; submitted]. We supposed that fragments started to form
oligomeric structures which are precursors of aggregates. Similar age-dependent aggregation
process was described in R6/2 and knock-in HD mice [93]. Oligomeric mtHtt was found
in the brains of exon 1 HD monkeys which died few days after the birth [49]. The presence
of mtHtt fragments was shown in brains of HD KI pigs [52]. Neuronal intranuclear inclusions
of mtHtt were proved in sheep [87], knock-in pig [52] and in monkey [57] models of HD.
We did not confirm presence of mtHtt in nuclear fractions of brain tissues. Howeever, the
presence of mtHtt was evident in testicular nuclear fraction, hence implicated that testicular
degeneration preceded degeneration of the brain [70].

A hallmark of HD pathology is a presence of mtHtt aggregates in brain. Aggregate
formation was observed in mice [94] the same as in large HD animal models. Small mtHtt
aggregates were found in neurites and bodies of neuronal cells in brains of HD KI pigs up to
5 months of age [52]. Neuropil aggregates were detected in cortex of 18-month old HD sheep
[87]. HD monkey models resulted in genotype specific formation of aggregates when more
abundant aggregates were detected in HD exon 1 monkey with 29Qs than in HD exon 1-10
with 73 Qs monkey in the same age of 5 years [55]. Even if a repetition of 29 glutamines
in huntingtin gene does not cause HD in humans, based on a normal wild-type rhesus
macaque length of 10-11 polyQ repeats in huntingtin gene, HD exon 1 monkey was expected
to develop HD phenotype [48]. We observed inclusions in neuronal axons in TgHD cortex
at the age of 60-70 months [Ardan et al., 2019; submitted].

Striatum is the most stricken brain region in HD with extensive loss of the medium-
sized spiny neurons [95] which selectively express DARPP-32, an integrator
of neurotransmission. We revealed age-related decrease in numbers of DARPP-32 positive
cells in caudate nucleus and putamen of 16 to 70-month-old TgHD pigs [51], [70] [Ardan et
al., 2019; submitted]. Downregulation of DARPP-32 expression was observed in various HD
rodent models before the manifestation of clinical symptoms [96], [97]. Loss of neuronal cells
was confirmed in striatum of both HD KI pig [52] and HD monkey [55] models, but not
in HD sheep [87] even if Jacobsen et al. [80] reported reduction of DARPP-32 expression

in striatum of a single 7-month-old transgenic lamb.
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Ionized calcium-binding adapter molecule 1 (Iba-1) immunostaining showed
microglial activation in brains of 24-, 48- to 60-70-month-old TgHD pigs [70], [Ardan et al.,
2019; submitted] what was in consistence with elevated levels of IL-8 and IL-1B in TgHD
microglial secretome [98]. Similarly, abundance of of IL-8 and IL-1pB linked to increased
microglia activation was observed in premanifest HD patients [99]. Several studies pointed on
elevated levels of specific cytokines occurring up to a decade prior to the onset of clinical
phenotype [100], [101]. Reactive astrogliosis with typical upregulation of gliar fibrillary
acidic protein (GFAP) belongs to early pathological event in HD KI mice and increase in both
GFAP and Iba-1 levels was observed in HD KI pigs brains [52], [102]-[104]. We detected
elevated GFAP levels in brains of 60-70-month-old TgHD animals [Ardan et al., 2019;
submitted]. No difference of GFAP immuno-reactivity was discerned in 6-, 18- and 36-
month-old HD sheep [87].

Moreover, we demonstrated age-dependent increase of demyelination from 24 months
of age [70], [Ardan et al., 2019; submitted]. Reduced myelination was observed also
in various mice models prior to neurodegeneration [104]-[106]. Likewise, demyelination was
showed in brains of HD KI pigs [52]. Our results were in compliance with a finding that
activated microglia cause demyelination of white matter [107].

Numerous MRI studies have pictured specific regional atrophy in the brain that
occurred earlier than clinical symptoms were manifested in HD gene carrriers [24], [108]-
[113]. Our MRI data showed expansion of lateral ventricles in 6-7-year-old brains of three
assessed TgHD animals [70]. Enlarged lateral ventricles and reduced size of striatum were
observed in HD KI pigs [52] at 5 months and in HD exon 1 monkey at 24 months of age
while there was not obvious atrophy in HD exon1-10 monkeys at 4 years [55] and HD sheep
at 5 years [114].

The studies suggested that the distinct structure of mtHtt inserts and lengths of polyQ
sequence determine the nature of the brain neuropathology. For example, formation of mtHtt
aggregates and proceeding apoptosis was confirmed in transgenic piglets with N-truncated
208 aminoacids mtHTT (Yang 2010). Our TgHD minipigs with N-truncated 548aa mtHTT
demonstrated slow, progressive loss of medium size spiny neurons, reduced demyelinaton,
activated microglia and reactive astrogliosis with the presence of the first axonal inclusions
at the age of 60-70 months [51], [70], [Ardan et al., 2019; submitted]. HD monkey model with
HD exon 1 showed the aggregation, decreased number of neuronal cells and enlarged lateral
ventricles at 2 years, whereas HD showed exonl-10 formation of mtHtt aggregates, a loss

of neuronal cells in striatum but no brain atrophy at the age of 5 years [49], [56], [57].
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HD sheep that expressed full length mtHtt no brain neurodegeneration except of neuropil
aggregates was observed up to 5 years of age [87]. However, HD KI pigs that encoded for full
length mutant huntingtin demonstrated the most severe neurological phenotype with the
nuclear aggregates, neuronal loss, activated microglia, elevated GFAP level, reduced
myelination and increased volume of ventricles at 5 months [52]. More robust brain
degeneration in KI pigs could be caused by the specific expression of solely two endogenous
alleles of huntingtin (one wild type + one mutant) while all of the other HD large animal
models expressed two endogenous plus one transgenic allele of huntingtin. The mtHtt location
and its copy number in genome could also affect the brain pathology. Not neglected should be
the number of CAG in polyQ stretch in mtHTT which is the highest from all large HD models

generated up to date.

Clinical symptoms manifestation

HD gene carriers had analogous growth trajectory to their controls within the
childhood [115]. Various studies presented weight loss in HD patients despite of adequate
or even increased caloric intake [116], [117]. The longer polyQ repetition the more acute loss
of the weight was observed [118]. We calculated ABMI which reflected individual parameters
of the animals (weight, height, length). ABMI trajectory was similar in TgHD and control
minipigs up to 4 years of age when ABMI started to lessen. The ABMI decrease was evident
in 6-7-year-old TgHD sows and slight non-significant decrease was observed also in 6-7-year-
old TgHD boars (Ardan, 2019). Likewise, there was no difference in weight of HD and
control monkeys up to 2 years of age (4 years is considered as a young adulhood in rhesuses)
[56]. The body weights of FO and F1 HD KI pigs were comparable up to 5 months, then
gradual loss of weight was observed up to 30 months [52]. Slowly reduced ABMI in TgHD
minipigs corresponded with mild brain neurodegeneration and late clinical symptoms onset
in this model of HD. The number of 150 CAG in polyQ tract of HD KI pigs was
in consistence with continual proportion of polyQ length and weight loss. Even if TgHD
minipig encoded for 124Qs in mtHtt, this sequence is a mix of CAG/CAA triplets which was
used to provide stable polyQ stretch. The stability of CAG/CAA tract was demonstrated
among several generations of the TgHD progeny where the number of glutamines was still the
same in different tissues [51]. Therefore, the slow decrease in AMBI may be an effect
of CAG/CAA mix in polyQ sequence in TgHD minipigs.

The most characteristic feature of HD is motor deficits. The most notable symptom is
chorea, but many patients confront inadequate walking balance [7], [8] or tongue persistence
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protrusion [9]. We observed gait and fine motor task impairment as well as altered reactions
to unexpected balance disruption in 6-7.9-year-old TgHD boars. Obversely, significant gait
decline was showed in 4-5.9-year-old TgHD sows while it was not so obvious in older
females [Baxa et al., 2019; submitted]. This contrast could be a result of various body
constitution and/or different ABMI between boars and sows. Abnormal walking pattern and
respiratory problems were demonstrated in both FO and F1 HD KI pigs [52]. Transgenic pigs
that expressed N-terminal 208aa mtHtt died posnataly and severe chorea phenotype was
observed in some of them before death. Both different survival periods and phenotype
manifestations were supposed to be an effect of different mtHtt expression levels among the
animals [47]. Comparably, HD monkeys that expressed exon 1 died soon after the birth while
they indicated chorea, dystonia and difficulties in swallowing and breathing [49]. Special case
was HD monkey expressing an exon 1 with 29Qs that exhibited facial chorea and dystonia
at the age of 18 several episodes of seisures in 24 months [55]. HD monkeys that encoded for
exon 1-10 of mtHTT developed dystonia at 2 years of age and difficulties with a fine motor
tasks were observed at 3 years [55]. No apparent motor symptoms were seen in HD sheep
[114],[119], [120].

HD patients experience cognitive dysfunctions, too. We revealed age-dependent
decline in cognitive performance of 6-7.9-year-old TgHD boars. Cognitive deterioration was
observed in 8-month-old HD exon 1 monkey and got worse with aging [55], [56] while
the first clear cognitive changes were showed in 36-month-old HD exon 1-10 monkeys [55].
Even if a several tests for monitoring of cognitive skills in HD sheep were established [121]—
[123], no changes were observed till the age of 5 years.

A stressful environment may cause the performance of activities more difficult
for persons with HD. We showed gradual age-dependent decline in stress-induced execution
in TgHD animals, remarkable in 6-7.9-year-old TgHD boars. HD carriers have to face many
stresfull situations and it was proved that chronic stress leads to anxiety [124]. Even if the
anxiety is a direct effect of stress or only a reaction to stressful situations, a high prevalence
of anxiety was shown in both pre-symptomatic and symptomatic HD patients [125].
Similarly, HD monkeys displayed increased stress induced anxiety [58].

Disorganized day-night activity pattern was described in HD patients [15].
Abnormalities in circadian rhytm were also illustrated in mouse [15] and sheep [114] models
of HD. We revealed incrased physical activity in the afternoon in TgHD boars older than
4.5 years [Baxa et al., 2019; submitted].
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Previous studies revealed involuntary vocalization interrupting the speech melody.
Phnonatory dysfunction positively correlated with degree of disease severity [10]. We assesed
the grunting of TgHD minipigs [126] and demonstrated altered vocalization in trasnegenic
animals [Tykalova et al., unpublished].

Similar to brain neurodegeneration, the severity, frequency and onset of clinical
symptoms is related to the content of mtHTT gene, its expression level and to the polyQ
repeat length in various HD large animal models. N-truncated mtHtt pig and monkey models
indicated involuntary movements and died postnatally, except of one HD monkey which
expressed mtHtt with 29 glutamines [47], [49]. This one HD monkey exhibited seizures in the
age of 2 years and presented more acute development of dystonia and cognitive failures than
HD exon 1-10 monkeys. Considering also the fact that seizure is common in juvenile rather
than in an adult form of HD [127], [128], HD exon 1 monkey simulated juvenile HD while
the others HD monkeys recapitulated slow progression of the disease [55]. Full-length mtHtt
ovine model showed no clinical symptoms except for disruption of sleep-wake activity up to
the 5 years of age and therefore it indicated long pre-manifest stage [114], [119]. Conversely,
HD KI pigs that expressed full-length endogenous huntingtin with 150Qs developed walking
abnormalities in youg age [52]. Even though, our TgHD pigs have expressed N-truncated
mtHTT with 124 glutamines, we observed relatively mild and slowly progressive
manifestation of clinical symptoms. We have sustained this by the single copy of transgene
in porcine genome and stable CAG/CAA repetition.

In conclusion, no single HD animal model imitated the human disease phenotype
in a satisfactory manner. However, a lot can be yielded from all of the HD animal models
since they can be involved in designs for pre-clinical testing, especially for gene therapies.
Potentialities of using the monitoring and therapeutic equipments (e.g. MRI, PET, EEG) that
are applied in human conditions together with long lifespan made large animal valuable

models for predicting biodistribution, safety and efficacy of potential therapeutic treatments.
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CONCLUSIONS

We have generated transgenic minipig with N-terminal part of human mutant huntingtin
gene carrying 124 glutamines in polyQ repetition. One copy of transgene inserted into
chromosome 1 did not disrupt any coding sequence in porcine genome. We confirmed
expression of mutant huntingtin protein in the brain as well as in peripheral tissues.
Both female and male transmissions of the HD transgene were proved and development
of animals was normal through multiple generations.

The summary of phenotypic manifestation in TgHD minipig is illustrated in Figure 1.

We revealed continuos age-related accumulation of mtHTT fragments until the age
of 4 years. Oligomeric forms rather than fragmented mtHtt were observed in TgHD brains
older than 5 years. Moreover, we detected mtHtt inclusions in the neuronal axons.
We demonstrated progressive brain degeneration since age-dependent neuronal loss, activated
microglia, reactive astrogliosis and demyelination were confirmed. Neurodegenerative
changes correlated to gradual alterations of mtHtt forms.

We showed that spermatozoa cells and testis may serve as biomarkers for monitoring
of the disease progression in pre-clinical stage of the disease. Sperm and testicular
degeneration caused by expression of mtHtt was observed about 4 years prior to the
manifestation of the first clinical symptoms.

We developed new tests for monitoring the vocalization, cognitive and stress-induced
performances in TgHD minipigs. We observed age- and sex-related gait impairment as well
as decline in cognitive functions and deterioration in stress-induced functioning.
Physical activity was increased in the afternoon. Changes in clinical phenotype were
significant in 6-7.9-year-old animals thus exhibiting slow, progressive clinical phenotype
in TgHD minipigs. Remarkable changes in behavioral, motor and cognitive functions were

observed roughly two years after occurrence of significant changes in brain.
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Fig.1 HD-like phenotype manifestation in TgHD minipigs. TgHD animals were compared to their sex- and
age- matched controls. The impairment (|), the improvement (1) or the similarity (<) in investigated parameters
is illustrated. * = significant results, ° = non-significant results. Decreased fertility parameters, proceeding
apoptosis and presence of mtHtt fragments were revealed in TgHD spermatozoa and testis. Testicular and sperm
degeneration was detected about 2 years earlier than significant changes in TgHD brains and about 4 years prior
to the first clinical symptoms. Age-dependent neuronal loss, reduced myelination, activation of microglia and
reactive astrogliosis as well as increasing mtHTT fragmentation up to the age of 4 years (Y) were showed

in TgHD brains. Furhermore, mtHtt inclusions were identified in the neuronal axons of 5-6-year old TgHD

animals. Brain degeneration was obvious about 2 years prior to the first remarkable clinical phenotype.
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FUTURE PROSPECTS

Gene-lowering therapy using miRNA approach showed encouraging results in TgHD
minipigs in the short three months survey [129] which followed up to longitudinal miRNA
gene-lowering investigation. Considering the results obtained in Evers’s study and
preliminary data from our ongoing research, both Food and Drug Administration
and European Medicines Evaluation Agency approved this approach for phase I and II clinical
trial. We believe that the complete data from our ongoing longitudinal study could support
the clinical trials and thus accelerate the receiving of the cure by the patients.

Next item which should be considered is the expression of two copies of endogenous
huntingtin gene as well as extra copies of mutant HTT transgene in all of the large animal
models of HD, excluding HD KI pigs. Over-expression of total huntingtin had an impact
on phenotype manifestation in HD mice models [33], [130] and may be expected in large
animals, too. Therefore, knock-in models were developed. HD KI pig encoding for human
exon 1 huntingtin with 150Qs had very rapid onset of clinical symptoms and high mortality
up to 10 months of age. Another one HD knock-in pig with prolonged endogenous porcine
huntingtin up to 85 glutamines (HD KI-85Qs) was generated at Exemplar Genetics (Sioux
City, IA; unpublished). Currently, we have established a colony of F1 generation of HD
KI-85Qs pigs. We will use information gained by this study to proceed with characterization

of this new promissing HD minipig model.
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