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ABSTRACT

HuntingtonsEs disease (diabve didorsler mamifestisgt at i n

by motor disturbances, cognitive decline and personal chamesiuge dbrt to find a cure
for HD has brought several promising therapeutic treatments on the. d€acle of the
prospective approaches neetb be investigatedfor safety, tolerability and efficacy.
Mouseand rat models were a lot helpful éxamination of pathdogical mechanisms of HD,
but they are not sufficierior completion of preclinical testing.

Therefore, we aimed to generate transgenic HD minipig to overcome the gap between
rodents and humandinipig transgenic for thefirst 548 aminoacidsof human mtant
huntingtin gene (TgHD) under the control of humbid promotor was manipulated
by lentiviral transduction ofporcine onecell stage embryosCurrently, six generations
of minipigs expressingingle copy of Ntruncated human mutant huntingtin proteintKitt)
with a repetition of 124 glutamines are at disposal.

The more the model sinaies the disease symptorie betterit is for translational
research as the efficacy of the cure can be finer evalubliedce, the second aim was
to demonstrate Hbike phenotype in ourmodel. Testicular degeneration thatepeded
theclinical symptoms onset was observed as a consequence of expression of mtHtt.
Continuousagedependentaccumulation of mtit fragmentswas detectedn TgHD brains.
Moreover, further ageelated molecularalterationgdiscriminative forHD brainwererevealed
in TgHD brain tissuesincluding neuronal loss, activated microglia and demyelination.
Newly developed tests for examination of cognitive abilities and stnesged behavior
showed declinen their performance. Furthermore, impaired gait and increased physical
activity were observedh TgHD minipigs Manifestation of clinical symptomat the age
of 6-7.9years is a result of mild bongoing brairdegeneration.

Slow progression of the diase makes TYD minipig a suitable model
for investigation of preclinical stage of the disease and laegn HD therapy research.
Themethods and results obtained in this study will be used for longitudinal evaluation
of efficacy of the geneloweringthergy for HD.



ABSTRAKT

Huntingtonova choroba (HCH) j e devastuj 2 c?nemaamllre?g,e
pr oj ev pojughamimosteo chii& b nicthi ¥ uzn k oSobostd mimdia @ mi
Obrovsk® %sil 2 npaSi2nte sll®@| bnua tsBct@n uh @hidkoonlTickh splri
Kagdl z petspakptipvSeeskthjcpridu s 2 praziktoum8&n z hl ed
bezpelnosti, sn8genlivost.i a Yalinnosti. My
p ik oumBant2ol ogi ckTch mea@ahaniwmpSddkin2ni ok Pmo
dostal uj 2 c?

Protg aby se Blel enul a vz ®Il evmgsi bidkagci a lidmiz a m e bei
na vytvoSenmhi niramsmgrekidld hpaaseeéens nk -ndogjt2ur n?
prvn2ch 548I iadnsd i®ky sml i tnu @gHPYpo dh Kkmotnitmrgp | ou | i
promotoru pro huntingtin vzniklo po Entivirow® transdukc pr as el 2 c h j ednobu
embrWws?oul asn® dobhD je k diaexpiicmyefMe&pic gener
N-t er mi n 8ll in& s rdughsah n @dteou huntingtin (mtHtt) §r odl ougenou r e
124 glutaminT.

L2m v2ce model simuluje pS2znaky nemoci,
Yal i nnost | ®| byS e szrelDjniw thloptatocbtyil eom de monstr ovat
modelu fenotyp EH. V. dTesdku exprese mtelsti byl &r np2ozde @
kter§ pSedchg§zel a ng8stupu klgeminékhchzvpg $azn
det ekov8na kontinu8ln2tt agwim@l acae Vv MDlaw.me Ktr o
vmozkovTich t k§n 2asabylytordehrad geenryn 2dcall gr mol ek ul §r r
char aktmamogekp & Ki®ehCH, svI| etnrefluroiniiT§t yakti vovane
ademyelinizace. NovhD vyvinut® testy pro zkc
vstred vi ch sprtalgpklashj eji ch .NaoBeldanpozorovsgna
chTze a zvigen8§ragsgekRB2cRkopeavatnz klinic
vev NDk-d916et j e vIsl gtkpons tm?pegp®racéanbzéu.

D2 ky pna maz\toj®o n e mo cj@ TgHD miniprasevhodni m model e
prozkoum&n2 prekliniak@hkem® dehaai av InzekauomdiSe n T
nan al e terape®ro HCH. Met ody a visledky z2skan® v
prodlouhodob @xperimentyhodnd 2%12i nnost ig pras?vRehlaidiny rexpese

mut ovan®ho. huntingtinu



ABBREVIATIONS

ABMI animal body mass index

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

DARPP32 dopamine and cAMR regulated neuronal phospbrotein
GFAP glial fibrillary acidic protein

HD Huntingtonds di sease

HD KI HD knockin

HCH Huntingtonova choroba

HTT huntingtin gene

Htt endogenoubluntingtin protein

Ibal ionized calciurrbinding adapter molecule 1

MRNA messenger RA

MiRNA micro RNA

MRI magnetic resonance imaging

MtHTT mutant huntingtin gene

mtHtt mutent huntingtin protein

MtDNA mitochondrial DNA

PBMC peripheral blood mononuclear cells

PCR polymerase chain reaction

polyQ polyglutamine tract

gPCR quantitative polymerase chain reaction

Qs glutamines

SCNT somatic cell nuclear transfer

SDH succinate dehydrogenase

SDHA/SHDB succinate dehydrogena8é succinate dehydrogenaBe
TgHD transgenic for Nruncated mutant human huntingtin gene
WB Western blot

WT wild-type

8-0xo-G 8-oxoguanine
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INTRODUCTION

Hunti ngt on 0 sis rdhie ;neurndegene(ate Rijsorder with a prevalence
of 3-10 affected persons per 100.000 individuals in Western EwogeNorth Americd1],

[2]. This disorder is causdaly the prolonged glutamine (polyQ) repetition in exon 1 of the
huntingtin gene (HTT) encoding mutant huntingtin protein (mtf3it) The polyQ repeat size
inversely correlates with the age of onset and severity of the digéase

Clinical symptoms manifestl by personal changes together with motor and cognitive
decline are typically discerned between thirty and fifty years of[&Qeg6]. HD patients
suffer from choreaimpaired gait, lack of balance coordination, and disturbed fine motor
skills like tongue persistence protrusion and phonatory dysfunctign]i[11].
Amongprominentcognitive symptoms belongnpaired judgment, thmability to complete
atask, and also difficulty with tasks requiring flexibility speed[12], [13]. Thebehavioral
disturbances include anxiety, and impulsive and aggressive behavior interchanging with
apathy[14]. In addition, disruption in circadian rhythm was destoated irHD 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 foboth, a hallmark of HD is a loss of meditsized spiny
neurons [1] and formation of mtHtt aggregates tightly correspogdito the disease
progressior[16]. Numerous studies indicated that aggteon is asuccessive process when
aggregates are assembled frorteNminal mtHtt fragments and mti-bligomers that trigger
cellular dysfunctions in affected tissyds], [18]. N-terminal fragments of mtHtt accumtda
with thedisease progressiprand their abundance varies among tissues, which may be
consistent with cell susceptibility to HR9]i [21]. Nuclear localization of mtHtt fragments is
connected to more severe manifestation of the dig@aseln addition, white matter atrophy,
reduced myelination and activated microglia were observed in HD indivif2als [24].
Various studies showed increased oxidative stress in[2HD [26] that was suggested to
cause an inhibition ahitochondrial function$27] since reduced activity of complexes Il, 11|
and IV were detected in brains of HD patig28], [29].

Even though HD is considered to be a disorde the brain, the whole body is
affected. Severe cachexia manifesting by obvious skeletal muscle wasting and weight loss
was recognized in HD patien{80]i [33]. Furthermore, testicular abnorliias, 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 autosomdbminant 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, antapoptotic processes, endocytosis, and cellular homeog&sis
hence the complexity of the disease has made the Hibneaaitesearch very challenging

Animal models consttute an important tools for appreciation of therapies
for neurodegenerative disordeftdnfortunately,a number ofpromising therapies witlvery
auspiciousresults in HD rodent models, failed to beneficialin humans[22], [36]i [38].

Small brain size and differences in nearchitecture to humans limit rodent models
for assessment of drug doses, design of the theitagysame @for usage of radical
equipment applicable fdruman patient§39]. Therebre, large animal models heve been
generated with arexpectationto provide better preclinical outcomes including agety,
tolerability, biodistribution, longitudinalinvestigation and efficacyof novel therapeutic
approacheg40]. Among large animalsminipigs represenagood economical andthical
choice [41]. Vigorous advantage of minipigs are their ratherlarge brain that isimilarly
structured as imumans, resemblance in body size, physiology, longevity @&01gearqd42]

and notleasta 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) allowt&eé first genetic manipulations in large animals
[44]. Howeve, efficacy of SCNT is very low. Therefore, transduction with lentiviral vectors
[45] was develop# as an alternative t8CNT. Both approaches have theidvantages and
disadvantagesThe SCNT enablesto transfer only genetically modied embryos into
asurrogatesow. On the other sid@renatal andchecstnatal deaths not such frequent when
lentiviral transduction is manipulatdd6]. Recently, the CRISPR/Cas9 systéias kecome
the most widespread approach for genetic modifications since it ersdgasncepecific
targeting of genome aneditting in the endogenoukcuses.All of these approaches were
used for generation of HD large animal modelgh various impacts on createédinsgenic
animals and their progeny\sCNT was applied for generation of HD pigt], lentiviral
transgenesisvas employed irgeneration of HD noimuman primate$48], [49], HD sheep
[50] and HD minipigs [51], and latelyCRISPR/CasQechnique succeeded in generation
of HD knockin (HD KI) pigs[52].
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This study introduces the generation of minipignsgenic for Ntruncated part
of human mutant huntingtiifTgHD) achieved by lentiviral transduction. Next, manifestation
of HD-like phenotype is demonstrated in both-pliaical and clinical stages of the disease.
Thus, TgHD minipig could serve as a useful model for testing of therapieeatments
for HD.
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AIMS

All of the potential therapeuticapproachesor HD need to be tested for their safety,
tolerability and efficacyTgHD minipig could bridge the gap between rodents and humans

AIM 1) Generation oftransgenic minipig with mutant human huntingtin gene
To confirmtransgenesisgdetermine the transgene copy number and its localization
in porcine genome. To validate the number dfitayhines in polyQ repetition.
Toprove the expression of transgenic mtHtt protein in porcine bratheripheral

tissues. To produdeansgenigorogeny

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 patids.

AIM 2) Demonstration of both preclinical and clinical manifestation of the disease

in transgenic minipigs

Autosomally dominant inheritance of HEnabled theprodudion of transgenicoffspring.
However, considering the periods for reaching sexuélintyaand gestation timet least one
year is needed for achievintpe next generation of the progenyaKling into account
thenumber 46 piglets in te litter, an optimalstrategy fophenotypamonitoringneeckdto be
designed, in ordesome of the aniaids couldbe used for observation of brgiathologiesand
simultaneously, some of the animalsuld reach the age whedinical symptomsof the
diseasaredemonstrable. Therefore, we decide@ssess the diseasgng:

AIM 2A) invasive methods
To invesigate formation of mtHtt aggregate$o confirmneuronalloss in brain.
Toanalyze brain pathologies caused by the expression of mtHit.

AIM 2 B) non-invasive methods
To identify potential biomarkers of the disease pragren in peripheral tissues.
Todewlop abattery of tests fomonitoring of behavioral, motor, and cognitive

changes. Tevaluatebehavior together with motor and cognitive performance

12
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Motivation of the study

All of the HD familiescravefor a curethatwould not onlyhelp manage the symptoms
but also treat the disease itself. Hunting for potenti@rapies brought a question
of evaluation of their safety drefficacysincethe resultgainedfrom rodentstudies could not
be sufficiently translated to humanghere was no large animal model for HD in 2007 when
we have started with our study. Thuse decided to generate transgenic minipig with human
mutated hkntingtin. The main reasons were not onlgng lifespan, similar physiology
of minipigs to humans and larggrencephalic porcine bragllowing detailed identification
of brain structures by imaging technigubsat alsovery largesimilarity between the grcine
and human huntingtin genes aprbteins.The number ofcytosineadenineguanine CAG)
repeas in huntingtin genegaries from 6 to 3Tripletsin unaffected individuals and fronv3o
180 repeatsn mutated allelef HD patients. The longes CAG tract the earliers HD onset.
With thestrategyto observe a clicical phenotype minipig within estimated-4 years of age,

we decided tauise a sequence of 1gkitamineqQs) in human huntingtin gene

Summary

Lentiviral vectors carryinghte sequence othe first 548 anino acidsof human
huntingtingeneincludinga tract ofl45glutaminesunder the control of human HD promoter
(HIV1-HD-548aaHTTF145Q) were created Their transduction potentialboth with
theexpression of theransgenewere testedin porcire differentiated neural stem cells.
Next,embryos at pronuclear stage were microinjected witie vectorconstrucs into the
perivitelline space,cultured into the blastocyst stage vitro and hen laparoscopically
transferredinto the fallopian tubes afecipientssows After stardard duration of gravidity,
thefirst HIV1-HD-548aaHTF145Q manipulated piglets webmrn. One giltwas transgenic
in alitter of 6 live newborns.Since HD is autosomally dominant inherited disorder,
we producel F1 and F2 genetrians of TgHD minipigs bymating of TgHD andwild-type
(WT) animals.

The first of all, weneeded to confirm incorporation of the transgene into the porcine
genome, its presence at RNA level and its protein expresssion in the brapergiteral
tissues. Wevere interested wherthe transgene was insertedhow many copiesand what
was the lenth of polyQ tract in transgene

Transgenesis was confirmed bgngtypingin genomic DNA from porcine skin
biopsies oskin fibroblastsOne copy of the transgeneeagrated 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 HTEnNes Localization of transgenwith 124 glutamines
wasprovedon g arm ofchromosome 1 (192¢425).

Eight minipigsat the age of 46 months wersacrificed and their brains and tissues
were usedn biochemicalnd immunohistochemicakaminatios.

We confirmed gpression of mutant t proteinin different regions of thebrain and
spinal cord hesameas in peripheral tissuesNo nuclear inclusionsvere detectedn the
TgHD brain up to the age of 16 months

One of thehallmarks of HD is a loss of medium sized spiny neurons which express
high levels ofdopamine and cAMR regulated neuronal phosphomint (DARPP32).
Weshowed expression dDARPP32 in neostriatal neurons and neurobibwever, only
slight nonsignificant decrease imedian number of DARPP32neurons pemm’® was
revealedn caudate and putamen of the TgHD mingpig

Sincethe the testiculapathology in humans was related to the presence of mutant H
we decidedto examine also semen and testicular tissues of TgHidas. We showed
asignificant decline in the median number of spermatordagHD boais and significantly
reduced number of iatt WT minipig oocytes penetrated by TgHD spermatoadiat
indicatedimpairedpenetration activity of spermatozoaTgHD boars. Remat of the zona
pellucida markedly increased penetration rate infieand TgHD groups to 100% level.

We did nd observethe differences inhie development and behavior of the TgHD
minipigs from FOF3 generationsand no notor deficitsspecific forHD were evident in the
TgHD animalsup to 40months of age

This study demonstrated successful establishnmena transgenic modleof HD
in minipig. Transgenesidid not influencesurvival or normal development animalsthrough
multiple generations. Both female and male transmissions ofHibetransgene were
confirmed. Thdentiviral delivery did not cause mosaicism, sincedkgression oimutant Ht
was confirmed in both brain and peripherdissuesin F1 and F2 TgHD minipigs and
maintained the same number of glutaminé& detected slight reduction in the number
of DARPP32+ neurons in caudate and putawfeb6-monthold brain We observed a decline
in fertility in 13-monthold boars caused by reduced sperm number and penetration rate.
No changesin behavioror motor functionswere observedip to the age of 40 months
Thestudy was limited by the low number of animals in experirt@ngroups asminipigs
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 phenotypelder ages.
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My contribution

| isolaed cultured and characterizat the porcine neural differentiated stem eell
derived from brains oporcine 46day-old fetuses.l transductd differentiated stem cells
by lentiviral constructs andnmunocytologicdly tested the transduction potentidllentiviral
vectos. | designedall of the primers for genotyping, detection of mMRNA and deion
of copy number variatioof inserts in porcine genome. | isolated DNA, RNA and conducted
all of thePCR and gPCR retionsincluding those determined ftne validationof glutamine
numberin mtHTT polyQ tract.l prepared protein lysates and participatedwastern blot
(WB) analysesl| participated omrmodifying the protocols for processing of porcine brains
for immundistochemical analyses. | observed the development and behavibgHD
animals and evaluated the rates of trangenesisnaudnt huntingtin gendransnission

to next generations. | wrote a draf the manuscript.
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