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Abstract

ABSTRACT

Primary Hyperoxaluria type |1 (PH1) is an inherited inborn error of the glyoxylate metabolism in the
liver. It is caused by mutations in the AGXT gene, a gene that codes the peroxisomal enzyme
alanine-glyoxylate aminotransferase (AGT). As a result of AGT deficiency oxalate, which is an
end-product of glyoxylate metabolism, is overproduced in the liver. In healthy individuals, oxalate
is excreted into urine, but when it is produced at high concentration there is a tendency for calcium
oxalate (CaOx) crystals to be generated and deposited in the renal parenchyma, where kidney stones
can form. As a consequence, PH1 patients present with severe kidney damage and poor survival of
kidneys, developing end-stage renal disease (ESRD) in most of the cases. The only curative
treatment is liver transplantation, which is usually combined with kidney transplantation because of
the loss of renal function. The main goal of this study was to develop new therapeutic alternatives

for PH1 based on advanced genetic treatment.

In the initial part of this thesis we tried to improve PH1 gene therapy using adeno-associated viral
(AAV) vectors. First, human AGXT was codon optimized in order to improve the expression levels
of the protein. In this case, the optimization of the sequence of the AGXT gene resulted in no
therapeutic advantage in comparison to the WT version of the gene. Second, we worked on the
optimization of AAV gene delivery to the liver in non-human primates (NHP) changing the route of
administration. It was demonstrated that the direct administration of AAV vectors into the hepatic
blood flow resulted in a higher transduction of the liver in comparison to the systemic intravenous

route.

In addition, a completely novel approach based on gene editing using the recently discovered
clustered regularly interspaced short palindromic repeats/CRISPR associated protein 9
(CRISPR/Cas9) system was designed and characterized. This treatment was focused on a substrate
reduction therapy (SRT) strategy, i.e. the reduction of glyoxylate production (the precursor of
oxalate). Glycolate oxidase (GO) enzyme is a liver peroxisomal enzyme in charge of the production
of glyoxylate. The inhibition of GO synthesis is known to reduce oxalate production. Therefore, a
specific CRISPR/Cas9 system was designed to target and disrupt the Haol gene (the gene that
codes GO) in hepatocytes. Using this strategy we were able to efficiently reduce GO protein levels.
Moreover, the treatment resulted in a significant reduction of oxalate production and of renal

damage in PH1 mice challenge with oxalate precursors, in absence of toxicity.
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Abstract

In conclusion, several strategies to treat PH1 were developed and optimized during this project,

which were able to reduce oxalate excretion in the urine of the PH1 mouse model.
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Resumen

RESUMEN

La Hiperoxaluria Primaria de tipo | (PH1 de las siglas en inglés) es una enfermedad hereditaria
hepética causada por mutaciones en el gen AGXT, que codifica para la enzima peroxisomal alanina-
glioxilato aminotransferasa (AGT). Debido a la deficiencia de AGT se sobreproduce oxalato en el
higado, un producto de desecho del metabolismo del glioxilato. En individuos sanos, el oxalato se
excreta en orina, pero cuando se produce en concentraciones elevadas tiende a generar cristales de
oxalato calcico (CaOx) que sedimentan en el parénquima renal y forman piedras en el rifion. En
consecuencia, los pacientes que padecen PH1 presentan un dafio renal severo y baja supervivencia
renal, desarrollando en la mayoria de los casos enfermedad renal terminal (ESRD de las siglas en
inglés). El Unico tratamiento curativo es el trasplante hepatico, que normalmente debe ser
combinado con trasplante renal debido a la pérdida de funcion renal. El principal objetivo de este
estudio era el desarrollo de nuevas alternativas terapéuticas para PH1 basadas en terapias genéticas

avanzadas.

La primera parte de esta tesis esta dirigida a la mejora de la terapia génica de PH1 mediante
vectores AAV. En primer lugar, se optimizd la secuencia de codones del gen AGXT humano con el
objetivo de incrementar los niveles de proteina. En este caso, la optimizacion de la secuencia de
AGXT no confiri6 ventaja terapéutica en comparacion con la version WT. En segundo lugar, hemos
tratado de mejorar los niveles de transduccion del AAV en el higado mediante la administracion del
vector por distintas vias en primates no humanos (NHPs). Se ha demostrado que la administracién
directa de los vectores AAV en el torrente sanguineo hepatico aumenta la transduccion en

comparacion con la ruta intravenosa sistémica.

Ademas, se ha disefiado y caracterizado una aproximacion complemente nueva basada en la edicién
génica mediante los sistemas CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR associated protein 9). Este tratamiento estaba centrado en la estrategia de
reduccion de sustrato (SRT), es decir, en la reduccion de la produccion del glioxilato (el precursor
del oxalato). La glicolato oxidasa (GO) es una enzima peroxisomal hepética encargada de la
produccién del glioxilato. Se sabe que la inhibicion de la sintesis de GO es capaz de reducir la
produccién de oxalato. Por lo tanto, se ha disefiado un sistema CRISPR/Cas9 especifico dirigido a
la destruccién del gen Haol (el gen que codifica GO) de los hepatocitos. Mediante esta terapia
fuimos capaces de reducir eficientemente los niveles de proteina de GO. Ademas, el tratamiento
redujo significativamente el nivel de oxalato producido y el dafio renal en ratones PH1 estimulados

con precursores de oxalato, en ausencia de toxicidad.
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Resumen

En conclusion, a lo largo de este proyecto se han desarrollado y optimizado varias estrategias para

tratar PH1, que fueron eficaces para reducir la excrecion de oxalato en la orina de los ratones PH1.
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Introduction

Primary Hyperoxaluria type | (PH1) is an inherited autosomal recessive disorder affecting between
1-3 persons per million of population. It is caused by alterations in glyoxylate metabolism in the

liver, which lead to oxalate accumulation in the kidneys.
1.1 Oxalate metabolism and hyperoxalurias

Oxalate (IUPAC name: calcium ethanodiate) is an end product of the metabolism, with unknown
function in humans. It has two different sources: exogenous uptake in the diet and endogenous
synthesis. It is excreted, mainly with urine (90-95%) (1) and secreted into the intestine in a lesser

extent.

There are many foods that contain oxalate or its precursors. It is mainly present in fruits, vegetables
(spinach) and nuts. The oxalate precursor L-hydroxyproline (HP) is generated during the
degradation of collagen, and therefore the ingestion of collagen-containing meats will increase the
synthesis of oxalate. Other precursor is glycolate, which is also abundant in vegetables. Oxalate is

also produced during the degradation of ascorbic acid (vitamin C).

In the intestine, passive or paracellular and active or transcellular transport of oxalate have been
described (1). The passive transport occurs due to the electrochemical gradient across the
epithelium and it is conditioned by the junctions between cells (2). With respect to the transcellular
transport, the involvement of the SLC26 transporter protein family is known; especially that of at
least 4 proteins of this family, which are expressed in the intestine: SLC26A1 (sulfate anion
transporter 1: SAT1), SLC26A2 (diastrophic dysplasia sulfate transporter: DTDST), SLC26A3
(donwregulated in adenoma: DRA) and SLC26A6 (putative anion transporter 1: PAT1). Little is
known about the active transport of oxalate. In spite of some controversial results about the
importance of the active absorption of oxalate (3,4), DRA has been identified as the main player in
this process, being responsible for 41% of the absorption of oxalate (the remaining 59% are
absorbed by passive mechanisms) (1). PATL is the only transporter directly associated to the
secretion of oxalate in the intestine, as SLC26A6 KO mice presented high levels of oxalate in urine
in several studies (5,6). The existence of an active transport involving several transporters implies

that the transport of oxalate is regulated and can be modulated depending on different conditions.

As mentioned, oxalate is also synthesized in the human organism as a product of the glyoxylate
metabolic pathway in the liver. This pathway is shuttled by different enzymes that act in different
compartments of the cell: mitochondria, peroxisome and cytosol. Glyoxylate is produced in the

mitochondria from HP in four steps and in the peroxisome from glycolate by the enzyme GO. When
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Introduction

glyoxylate is imported to the cytosol, some oxidases and dehydrogenases, such as LDH, are able to
oxidize it to oxalate. However, in each cellular compartment enzymes can bypass the production of
oxalate by the conversion of glyoxylate into other compounds. In the mitochondria and in the
cytosol, the enzyme glyoxylate reductase/hydroxypyruvate reductase (GRHPR) transforms the
glyoxylate into glycolate, which is then trasported into the peroxisome. Here the enzyme AGT

produces glycine from glyoxylate (Figure 1) (7).

Oxalate

T LDH

Glyoxylate

Peroxisome

Mitochondria

I
Glycolate _ =/
{ Hydroxyproline ] m
Glyoxylate
| PyrrOHcarbox |

TG

Figure 1. Simplified glyoxylate metabolism in the liver (7). Synthesis of glyoxylate and oxalate from
hydroxiproline and glycolate in the different compartments of the hepatocyte. Peroxisomal glyoxylate is
detoxified by AGT, while mitochondrial and cytosolic glyoxylate is reduced to glycolate by GRHPR, thus
preventing excessive oxidation to oxalate by LDH. The hydroxyproline metabolism results in the production
of 4-hydroxy-2-oxoglutarate that is normally split into glyoxylate and pyruvate by HOGAL. The enzymes
implicated in primary hyperoxalurias (types I, Il and Ill) are alanine-glyoxylate aminotransferase (AGXT),
glyoxylate reductase/hydroxypyruvate reductase (GRHPR) and 4-hydroxy-2-oxoglutarate aldolase 1
(HOGAL). PyrrOHcarbox=pyrroline-5-carboxylate; H-Glu= 4-hydroxy-glutamate; HO-Glu=4-hydroxy-2-

oxoglutarate; GO=glycolate oxidase; DAO=D-amino acid oxidase; LDH=lactate dehydrogenase.

Oxalate produced in hepatocytes is secreted to the blood-stream and excreted in urine by glomerular
filtration and active secretion and reabsorption. In fact, it is known that SLC26A6 functioning as CI’
/oxalate exchanger is present in the epithelial cells of the proximal tubule (6). Furthermore, this
transporter and others could be involved in the maintenance of constant oxalate levels in plasma by

the regulation of oxalate secretion or reabsorption (8). However, under normal conditions the renal
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excretion of oxalate is controlled by the glomerular filtration rate, and the secretion is activated

when an oxalate overload occurs (9).

The alterations in oxalate metabolism are known as hyperoxalurias, characterized by an increase in
oxalate levels, and classified as primary or secondary hyperoxalurias. Primary hyperoxalurias
(PH) are autosomal recessive rare metabolic disorders caused by mutations in enzymes of the
glyoxylate pathway. They are characterized by the increase in oxalate production and its excretion
in urine. Three PH forms have been described, each affecting to different gene (Figure 1). PH type 1
(PH1, OMIM #259900) is caused by mutations in the AGXT gene, which causes deficiency in the
enzyme AGT, PH type 2 (PH2, OMIM #260000) presents with mutations in the GRHPR gene and
PH type 3 (PH3, OMIM #613616) with mutations in the HOGA gene. The malfunction of HOGA
leads to the inhibition of GRHPR causing an increase in oxalate similar to that obtained in PH2.
Secondary hyperoxaluria (SH) is a non-genetic disease in which the oxalate levels are higher due

to high-oxalate uptake in the diet or abnormally high oxalate absorption in the intestine.
1.2  Primary Hyperoxaluria type |

PH1 is the most frequent (80%) and severe form of PH. As mentioned, PH1 is a metabolic disorder
caused by autosomal recessive defects in the AGXT gene, which leads to the impaired function of
the AGT enzyme in the liver. As a consequence, the liver overproduces oxalate, which sediments as

CaOx crystals in renal parenchyma and causes kidney damage.

1.2.1 Epidemiology

PH1 is a rare disease with a prevalence of 1-3 patients per million of population (10-12) and an
incidence of 1 per 120,000 births in European countries. However, it is thought that the prevalence
is underestimated due to the heterogeneity of the disease (age at onset, symptoms, evolution) and
the vague symptoms at onset (12). Even though PH1 cases have been reported all over the world
(10,12-19), the prevalence of the disease is higher in some countries/regions where consanguineous
marriage has been frequent, such as North Africa (Tunisia) (20) and the Canary Islands (17), where
PH1 is the cause of up to 10% of the cases of end-stage renal disease (ESRD) (20).

1.2.2 Clinical manifestations

In PH1 patients the excretion of oxalate in urine is >0.5 mmol/1.73 m?/24 hours (usually >1), which
is higher than normal (<0.45) (21). This oxalate is eliminated in the urine, but due to the high

amount accumulated in the Kkidney it leads to the formation of CaOx crystals (both
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monohydrate/COM and dihydrate/COD crystals). In the medullary collection duct the crystals are
attached to the surface of cells and lead to the blockage of the conduct; additionally, the progressive
accumulation of crystals in the lumen leads to stone formation or urolithiasis. If the crystals adhere
to the proximal nephron segments, they can be endocytosed or transcytosed to the renal interstitium
causing the accumulation of CaOx crystal in the renal parenchyma or nephrocalcinosis. Some in
vitro studies point towards the receptor CD44 and its ligand osteopontin together with hyaluronic
acid as important players in the interaction between the COM crystals and renal tubular cells (only

the proximal tubular cells and not distal cells) (22).

The nephrocalcinosis triggers inflammation into the renal parenchyma leading to formation of
granulomas and progressive fibrosis (21). Finally, and especially in non-treated patients, the
kidneys deteriorate progressively leading to ESRD. In some populations, it has been reported that
the risk of developing ESRD at the age of 15 years is 50%, and this percentage increases up to 80%
by the age of 30 (12,23). The mechanism by which CaOx crystals induce kidney damage remains
unclear. Some in vitro studies reported an increased inflammatory response (mediated by
prostaglandin E, secretion), oxidative stress (H,O, production) and death of renal proximal tubular
cell lines, but not renal collecting tubular cell lines (24,25). Recently, Brooks et al. published a
paper in which the proteomics of the urine of PH1 patients was compared to that of healthy patients
(26). This study indicated up-regulation of the MAPK pathway in ESRD patients, which is related
to inflammation, oxidative stress and cell death. The NF-kB pathway was also found to be up-
regulated in PH1 patients, indicating the activation of immune responses (chemokine and cytokine
expression, adaptive immune response and compensatory responses to inhibit inflammation).

Finally, they described many inflammation markers associated with the development of ESRD.

PH1 is the cause of about 1% of ESRD in children and teenagers in Europe and the USA (13,20). In
advanced stages of the disease, when the renal function is strongly affected, the glomerular filtration
rate (GFR) decreases to levels of less than 30-40 mL/min/1.73 m?. The kidney is not able to control
the levels of plasma oxalate (normal limits: 1-6 umol/L (27)) and when it reaches supersaturation
(>30 pumol/L) a systemic deposition of CaOx crystals occurs (23). The bones and the eye are
especially affected by CaOx crystals, leading to fractures, bone pain, growth retardation, anemia,
disturbed vision and brown retinal deposits (which can be easily diagnosed) (23,28,29). Less
frequently arteries, myocardium, thyroid, skin, nerves, muscle, bowel and joints can be affected by

systemic oxalosis. However, no evidence of liver damage has been reported.

In PH1, the correlation between genotype and phenotype is not always clear, since patients with the

same mutations, even siblings, can present with completely different clinical manifestations. For
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this reason, the clinical outcome is variable depending on the patient. However, some mutations are
associated with Dbetter clinical outcome than others, for example mutations that cause AGT

mistargeting that can be treated with vitamin B6, the cofactor of the enzyme.
1.2.3 Diagnosis

Median age of the manifestation of the first symptoms has been reported to be at 4 years and the
median age for diagnosis is approximately 7.7 years (11,12,30). Five forms of presentation of PH1
at diagnosis have been described (30,31): (a) infantile oxalosis, with early appearance of the
symptoms and rapid development of renal failure (26%); (b) nephrocalcinosis and recurrent stones
that finally lead to ESRD in childhood or adolescence (30%); (c) occasional stone formation in
adults, with late development of the symptoms (21%); (d) diagnosis after kidney transplantation,
recurrence of stones and the deterioration of the new kidney (10%); and (e) diagnosis of
asymptomatic patients because of the family history (13%). In a cohort of 155 patients (30) of
European and Arab origin, the cumulative survival was similar to the general population (Figure
2A). However, when attempting to renal survival, the data are devastating, with a 50% of renal
failure at the age of 20s (Figure 2B). Infantile oxalosis was found as the only subgroup of patients
presenting a higher risk of dead.
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Figure 2. Progression and prognosis of PH1 in a cohort of 155 patients (30). A) Cumulative survival of
PH1 patients. B) Cumulative survival free from ESRD in PH1 patients.

Usually, the patients presented renal damage at the time of diagnosis (12), except in the cases of
family screening. Therefore, the initial symptoms are usually related to urolithiasis and
nephrocalcinosis, such as hematuria, recurrent urinary tract infections or the passage of a stone (32).

The main symptoms of urolithiasis are flank- or abdominal pain, nausea and vomiting, and more
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than two red blood cell counts in urine microscopy (33). The nephrocalcinosis presents no
symptoms and it is usually diagnosed by ultrasound imaging (33). It has been estimated that about
11-30% of the patients developed ESRD before the diagnosis, and in some studies and specific

populations this percentage increases greatly (47% in the Netherlands (12)).

The common characteristic of all PH1 patients is the high oxalate excretion in urine, which is
measured in 24-hour urine per body area. However, in young children the collection of 24-hour
urine is not possible, and in these cases the collection of a single urine point and the calculation of
oxalate/creatinine ratio is used as diagnostic measurement, although age-related tables have to be
used to interpret the data (23,29). The presence of CaOx crystals in the urine can be analyzed as
complementary result. Glycolate is another parameter that is elevated in the urine of two thirds of
PH1 patients (21,29) and can be used to confirm the diagnosis. Plasma oxalate measurement is not
very useful in the patients that preserve renal function, but this data is important in patients with
ESRD to discard systemic oxalosis and to evaluate the efficacy of dialysis to eliminate oxalate from
the plasma (23).

Imaging of the kidneys by ultrasounds is recommended to confirm urolithiasis or nephrocalcinosis.
The analysis of the stones that were passed or removed by surgery revealed characteristic
morphology and a composition of 95% of COM (28). Nephrocalcinosis is easily diagnosed in renal
biopsies with abundant CaOx crystals (21), which is associated with a strong inflammatory response

and the generation of foreign-type granulomas in the parenchyma (21).

However, the diagnostic methods described above are not conclusive and pathological observations
can be the result of hyperoxalurias of different origin. The analysis of mutations in the AGXT gene
by DNA sequencing could reveal the presence of a known mutation that causes AGT malfunction
(34). The analysis is usually done in DNA extracted from blood samples. Initially, the screening of
most commonly mutated exons can be done (exons 1, 4 and 7) resulting in disease confirmation in
50% of the cases (35); but it is strongly recommended to perform whole AGXT gene sequencing
(28), since in 95% of the cases both mutated alleles can be identified (23). In the cases of screening
for familial PH1, the mutation is known and the diagnosis is clear. Moreover, it is recommended to
perform a screening of parents and siblings of PH1 patients and also prenatal screening of babies
with documented PH1 siblings (samples from the chorionic villous biopsies) (28). However, in
other cases the diagnosis by DNA sequencing can be difficult due to the high number of mutations

described to date and the presence of non-pathogenic polymorphisms.
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The gold standard for the diagnosis of the disease is the determination of AGT enzymatic activity in
a liver biopsy taken by percutaneous needle biopsy (21), especially in the cases where the results of
genetic testing were inconclusive. However, the technique is invasive and bears some risks, in
particular considering that in PH1 the liver is healthy. Therefore, this diagnostic method is not

mandatory in presence of a genetic diagnosis (28).

An interesting and important observation is that the incidence of the disease is underestimated; thus,
the development of an efficient diagnostic guidance is crucial. Some guides have been developed
and published (28) by an European consortium formed by experts in PH1 (OxalEurope,

http://www.oxaleurope.org/) in order to help the physicians with the diagnosis.

Regarding the prevention, there is no way to anticipate the symptoms of the disease since they
appear when there is already kidney damage. The only prevention possible would be the genetic

screening in families with diagnosed cases.

1.2.4 Genetics and molecular alterations of AGT

The AGXT gene is located in the chromosome 2 in humans (specific location: 2p37.3) and consists
of 11 exons and introns and has a size of approximately 10 Kb. It results in a cDNA of 1.7 Kb with
an ORF of 1176 bp.

Little is known about the transcriptional regulation of the AGXT gene in humans. Sato et al.
analyzed the 5’ flanking region of the gene and detected the main transcription start site around -45
bp upstream from the translation start site (36). The deletion of fragments of variable length
upstream of the translation start site revealed several regions with important regulatory functions.
Binding sites were described for liver-specific transcription factors, such as a site for HNF4a.
Interestingly, the region -2 to -325, which is part of exon 1, is the minimal sequence required to
activate transcription and contains two TATA boxes. The region spanning from -325 to -439
contains a third TATA box, which contributed to an increased expression in vitro. The region -440
to -700 might contain enhancer elements and the region -701 to -1203 did not reveal any important

regulatory elements.

Two main allelic variants have been described for AGXT: major and minor alleles. The minor allele
is present in about 50% of PH1 patients, 20% of Caucasians and 2% in Japanese (37). Several
changes are found in the minor allele: the modification ¢.32C>T causing a P11L change, an
imperfect duplication of 74 bp in intron 1, some tandem repeats in intron 4 and ¢.1020A>G causing

1340M substitution are the most important ones. These alterations in the gene cause a slight
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mistargeting effect (5% of the AGT goes to mitochondria instead of localizing entirely into the
peroxisome) (38), a reduction in the enzymatic activity of up to 50% (38), a decrease in
thermodynamic and kinetic stability (39), a decrease in the dimerization ability in vitro (38) and a
tendency to aggregation (38). Despite the minor allele is not pathogenic per se, it shows synergism
with some mutation that lead to the development of the disease. A different minor allele variant was
also found in 12% of black Africans, comprising a duplication in intron 1 and a 38 bp tandem repeat
in exon 4 (40).

The translation of the AGXT gene results in AGT protein, which is a homodimeric enzyme
composed of monomers of 43 KDa weight and 392 animo acids each. On one hand, the AGT
enzyme is involved in the reaction in which alanine and glyoxylate are converted into glycine and
pyruvate, and as a consequence, it is involved in the glyoxylate pathway (Figure 1). On the other
hand, AGT is also known as serine-pyruvate aminotransferase (SPT) because it can also catalyze
the reaction in which serine and pyruvate are transformed in hydroxypyruvate and alanine,
therefore, acquiring an important role in the gluconeogenesis (41). Each subunit consists of an N-
terminal coil (residues 1-21), which wraps over the surface of the other subunit and is essential to
form active dimers (42); the large domain (residues 22-282), where the active site and the
dimerization surface are located, and the C-terminal domain (residues 283-392) that contains the
peroxisomal targeting region (43) (Figure 3). The quaternary structure was described by Zhang et
al. (44). The N-terminal extension was found to be an irregular coil that wraps around the outside
part of the other monomer, helixes 50-69 and 265-283, thus the large domain. The position of the
polymorphism P11L found in the minor allele could explain the decrease in dimerization of the
minor allele in vitro. The large domain presented a topology of alternating B-a-g structures and the
C-terminal domain is a two-layer af structure with the a-helixes exposed at the protein surface and
the four anti-parallel B-sheets interacting with loops in the large domain. The structures involved in
the dimerization interface are the helices 223-231, 243-251 and 265-283, and the loop formed
between the B-strands 202—-206 and 218-222, all of them located in the large domain.

In order to be functional, AGT needs the binding of the cofactor pyridoxal 5’-phosphate (PLP)
(Figure 3). The vitamin B6 vitamers are pyridoxine (PN), pyridoxamine (PM), pyridoxal (PL) and
its 5’-phosphate form; they are essential, and thus they have to be taken up with the diet (45).
Moreover, the structure of AGT was found to be similar to other PLP-dependent enzymes (44). This
cofactor is covalently bound to K209 forming a Schiff base while S158 and D183 form H-bonds
and are implicated in the orientation of the cofactor in the pocket of the dimerization interface. The
residues H83, G82, Y260 and T263 were found to form another three H-bonds with PLP (44).
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Figure 3. Quaternary structure of AGT homodimer. The three domains of one of subunits are highlighted:
N-terminal coil in red, the large domain in green and the C-terminal domain in blue. PLP cofactor and the

residue 11 are marked in black.

AGT is a peroxisomal enzyme in humans, but the analogs of AGT in other mammals are located in
the mitochondria and/or in the peroxisome (46). The compartmentalization of AGT is believed to
have evolved in relation to the diet, as it has been shown that it is located in the mitochondria
mainly in carnivorous species, in the peroxisome in herbivorous ones and in both in the case of
omnivores. In humans, the presence of the AGT in the peroxisome can be explained by the
herbivore diet of our great ape ancestors (47). As explained, glycolate and HP are the precursors of
oxalate, which are present in certain diets. Glycolate is mainly located in plants and it is
metabolized to glyoxylate in the peroxisome. Therefore, the AGT activity of the peroxisome
acquires an important role in species that mainly feed on plants. In contrast, HP is synthesized
during the degradation of collagen, which is especially high in meat. HP is metabolized to
glyoxylate in the mitochondria, explaining the need of AGT activity in the mitochondria of
carnivorous animals (21,48). Moreover, carnivorous animals have a high-protein diet and the
gluconeogenesis is necessary to obtain glucose, which makes the SPT activity important in the
mitochondria (46), where other gluconeogenic enzymes are located. Moreover, in rats, where both
peroxisomal and mitochondrial forms coexist, the administration of hormones that alter the glucose
metabolism (glucagon and/or insulin) triggered a specific increase in the synthesis of the
mitochondrial form of AGT (49).
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In addition, some studies suggest that the high frequency of the minor allele, which codes a partially
defective protein and is more prone to cause disease, is a consequence of a high meat uptake in
some populations (50). The frequency of the minor allele in different populations was analyzed and
related to the type of diet. In the Eastern countries, such as China and India, a low frequency of the
minor allele is observed (2.3%-6.9%), while in Africa it is 8.9-10.9% and in Europe 14.6-27.9%. It
is known that the diet tends to be mainly vegetarian in countries like China and India, while more
meat is consumed in Western countries. The most evident case is the one of the Saami population,
with a 27.9% of minor allelic frequency and a well-known meat-diet history. The rationale is that
the minor allele results in 5% of the AGT mistargeting to the mitochondria (where it remains

catalytically active (51)), and where HP is metabolized in high amount in high-meat diets.

The signals involved in the selective transport of AGT have been studied in different species: the
mitochondrial target sequence (MTS) is located in the N-terminal region while the peroxisomal
target sequence is found in the C-terminal region. In animals that express both forms of the protein,
two different transcripts are produced, with two different transcription and translation start sites
(46). The larger form encodes for the mitochondrial enzyme, while the MTS is not transcribed in
the shorter one. The human AGT has been described to be imported by the PTS1 pathway via the
peroxisomal targeting sequence KLL located at the end of the protein (52) and an ancillary PTS1A
sequence located in the C-terminal domain between V324 and 1345 (53). These two signals are
close to each other in the quaternary structure of the protein and Pex5p is the protein in charge of
the transport of AGT to the peroxisome (54).
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Figure 4. Schematic representation of the location of some mutations in the AGT enzyme (37).

A total of 146 mutations have been identified in the AGXT gene, with all the exons involved (36,55)

(Figure 4). Most of them (75%) are point mutations: 73 missense mutations, 19 nonsense and 18
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single-nucleotide changes affecting splice sites. The rest correspond to major or minor deletions or
insertions and 31 have been described to date. As can be seen in Figure 4, no pathogenic
substitutions have been found in the short N-terminal extension, most of them occur along the large
domain without hot-spots and some in the C-terminal domain (37). Despite of the heterogeneity in
the location and type of the mutations, they can be classified depending on the effect exerted on the
protein. The presence of insertions, deletions or alterations in splicing can easily lead to the
expression of a truncated protein that is unstable and rapidly degraded (37). However, more detailed
studies are needed to understand the effect of the single amino acid substitutions found in PH1
patients and many molecular and cellular analyses have been carried out to elucidate the molecular
effect of each described mutation on the AGT synthesis, location and activity. The expression of
each AGT variant in mammalian cells is considered the closest to the real scenario found in patients
(17,38,51). Another approach is the expression and characterization of AGT activity and structure
in E.coli (56,57). In addition, yeast and cell-free methods have been used to evaluate the activity,
stability and assembly of the protein; however, this is considered a fast but semi-quantitative
method (58). Opicci et al. reviewed all the publications in which the characteristics of AGT variants
were analyzed (37). In this paper they classified the mutations depending on their molecular or
cellular effect. However, a simplified classification differentiates four main molecular alterations of
the AGT protein associated with several mutations that will be discussed in more detail (Table 1)
(21).

Table 1. Summary of the main molecular mechanisms implicated in AGT malfunction and their

mechanisms, the most common mutations and the affected allele associated with the molecular

phenotype.
Molecular alteration Mutation Allele Mechanism
. . . . G170R Minor . . . o
Mitochondrial mistargeting Unmasking of mitochondrial targeting signal
F152I Minor
) . G41R Major and Minor S . . .
Protein aggregation Destabilization of the dimerization or protein folding
1244T Minor
Catalytic defects G82E Major and minor Inhibition of the binding of the cofactor
Synthesis defects €.33dupC | Major and minor Expression of truncated protein
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1.24.1 Mitochondrial mistargeting

One of the most frequent mutations found in PH1 patients is G170R (about a third of PH1 alleles
(59)), which is pathogenic only on the background of the minor allele and produces the mistargeting
of AGT to the mitochondria (38,60). The variant G170R is usually associated with a normal

catalytic activity and immunoreactivity (61).

The description of the quaternary structure of AGT allowed generating a hypothesis of the
molecular mechanism implicated in this mistargeting (44). The N-terminal coil of AGT has a
sequence (MASHKLLVTPPKALLKPLSI) with some similarities to MTS sequences, such as the
absence of acidic residues, a good distribution of basic, neutral and hydrophobic and hydroxyl
amino acids (48). However, the structure is not an a-helix due to the P10 and P11 residues that
break the helix (Figure 3). As explained before, the minor allele presents a P11L change that results
in 5% of the protein being mistargeted to the mitochondria. This is because of the change in the
structure of the coil. Moreover, the experimental introduction of a P1OL mutation in the minor allele
completely changed the localization of AGT from the peroxisome to the mitochondria (62).
However, this effect is exacerbated by the mutation G170R, a residue that is located on the surface
that interacts with the N-terminal coil, therefore further destabilizing the interaction. Two related
mechanisms have been proposed to explain this phenomenon: First, it was suggested that the
concomitant presence of P11L and G170R could weaken the interaction between the N-terminal
coil (MTS signal) and the other subunit, therefore releasing the coil and allowing the interaction
with TOM20 (a protein implicated in the mitochondrial transport). Another explanation is that the
presence of these alterations in the protein could decrease the dimerization kinetics, prolonging the
time between the protein synthesis and its dimerization, and as a consequence, the time when the N-
terminal coil is free to bind to TOMZ20. The diagram proposed by Zhang et al. shows the formation
of various dimerization intermediate stages (Figure 5): in intermediate B the N-terminal coil would
be important during the dimerization process while in intermediate C it would be important for the
stability of the dimer (44). Evidence found by Motley et al. shows that in cells defective for the
transport system PTS1 AGT remains in the cytosol. This suggests that the second hypothesis could
be the correct one, since once the dimers are formed the protein would not be transported to the
mitochondria (52).

The mutation F1521 has been described to cause similar molecular alterations, with no significantly
reduced catalytic activity, but making the protein more prone to the ‘apo’ form (in which the
enzyme is not bound to the cofactor, and thus is less stable) and decreased dimerization stability,

thereby promoting the transport to the mitochondria (63).
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Figure 5. Description of the possible dimerization pathway of AGT (44). The black circle indicates the
location of proline 11 (P11L in the minor allele) and the white circle that of glycine 170 (mutated to R in
PH1). A=monomeric form; B and C=possible first dimerization intermediate; D=second dimerization
intermediate; E=full-folded AGT dimer.

1.2.4.2 Protein aggregation

In PH1 two mutations have been associated with this aggregation phenotype in the minor allele:
G41R (64) and 1244T (17). Interestingly the mutation G41R has been described as a pathogenic
mutation in the major allele (65). This residue is located in the dimerization surface in the helix 34-
42, and it participates in a direct van-der-Waals interaction between G41-G42 from a monomer with
the same amino acids of the other (44). In this scenario, the change G41R adds a long charged side-
chain that destabilizes the dimerization, which leads to monomer degradation and/or aggregation.
The analysis of liver biopsies of three patients with the G41R mutation showed a lower AGT
immunoreactivity by gold-labeling in electron microscopy compared to controls without mutation.
In addition, the protein was mainly located in intra-peroxisomal electron-dense amorphous cores,
suggesting an intra-peroxisomal aggregation of the monomers (64). The mutation 1244T is also

frequent in PH1 patients, since it has been reported in 9% of PH1 alleles (66) but its frequency is
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increased in certain regions such as the Canary Islands (Spain) up to 91.6% (17), most likely due to
a founder effect. The 1244T variant also synergizes with the minor allele, producing an
enzymatically inactive protein aggregated inside the cells, together with chaperones such as Hsp90
(17). These findings implicated a possible conformational effect of the mutation in residue 244,
which is involved in the interaction between helices 243-251 and 223-231. However, no increased

degradation of the protein was found in relation to this mutation (17).
1.2.4.3 Catalytic defects

Mutations affecting the amino acids implicated in the structure of the active site or in the PLP
binding (G41R, S81L, G82E, H83R, F152I, S158L and D183N) (39,63,67,68) result in altering the
catalytic efficiency of AGT or its binding to the cofactor. As an example, in presence of the
mutation G82E, both in the major and the minor allele, AGT is properly synthesized, folded and
located in the peroxisome, it is immunoreactive but completely inactive (68). At structural level,
G82 is located in the pocket where PLP is bound and the carboxylate side chain of the glutamate in
this position maps to the site where PLP should be, therefore inhibiting the binding of the cofactor

and the activity of the protein (44).
1244 Synthesis defects

Some mutations causing PH1 are associated with the presence of a small insertion or deletion in the
coding region leading to synthetic defects due to a frameshift and the introduction of an early STOP
codon. ¢.33dupC is the most common among this type of mutations, constituting 13% of the PH1
alleles (21). In fact, other mutations associated with this nucleotide have been found, such as
€.33dupC, c¢.33delC and c.32_33delCC, suggesting a possible hot-spot for mutations. Some
nucleotide mutations have been described to cause alterations in splicing, as is the case of the
mutations c¢.424-2A>G and c.776+1G>A, found in splice acceptors of intron 3 and intron 7,
respectively (35). The splice change in intron 3 triggered a loss of 12 nucleotides at the beginning of
exon 4 and the one in intron 7 an addition of 24 nucleotides at the end of exon 7 (35). However,
some amino acid changes can also lead to the destabilization of the protein and its fast degradation,
for example the substitution S205P results in a very unstable variant that is almost undetectable in

liver extracts of patients (69).

The genotype-phenotype relation is not always clear in PH1, since - as explained - the phenotype
can vary completely even between siblings (discordant families). However, some concordance has
been observed in the case of patients with mutation G170R, for which a better outcome of the
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disease has been described (30), especially in cases where the renal function is preserved at the time

of diagnosis.
1.2.5 Current treatments for PH1

Nowadays, the only curative treatment for PH1 is liver transplantation. Moreover, it is
recommended to perform kidney transplantation before the development of systemic oxalosis in
ESRD. Kidney transplantation alone is not an appropriate therapeutic approach since the liver will
continue to overproduce oxalate, which will again damage the new kidney. Thus combined liver-
kidney replacement is strongly recommended, either simultaneously or successively. However, the
transplantation carries high risks and especially in PH1 patients, since the high plasma oxalate
causes a rapid deterioration of the allograft. Nevertheless, this problem seems to have been solved

during this century due to a better management of the oxalate levels (70).
Today some other palliative treatments are applied in the clinic:
1251 High fluid intake

The concentration of oxalate in urine is critical for the formation of CaOx crystals (31). An increase
in the urine volume dilutes oxalate, and therefore a high fluid intake is prescribed in PH1 patients (3
L/m? of body surface distributed during 24 hours) (28). The use of a gastrostomy tube is needed in
infants and young children to assure a high fluid supply. Special care has to be taken in cases of
fluid losses (diarrhea, vomiting and fever), and even during normal activities, such as physical

exercise.
1.25.2 Diet

In the case of PH1 a dietary change is not required, since the majority of the oxalate is
endogenously produced (28). However, oxalate-rich foods and excessive ascorbic acid (Vitamin C)
intake should be avoided (23). Calcium restriction is counter-productive since it binds to dietary

oxalate in the intestine and avoids its absorption (29).
1.25.3 Alkalization of urine and other inhibitors of CaOx formation

Alkaline citrate is used to reduce CaOx saturation. The first reason is that citrate forms soluble
complexes with calcium, thus inhibiting its interaction with oxalate. In addition, it is converted to
bicarbonate in the liver and excreted in urine, where it triggers an increase in the pH. Urine

alkalization stimulates the secretion of citrate and also its binding to calcium (71). In PH1 the
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standard treatment includes 0.1-0.15 g/kg of potassium citrate divided into 3-4 doses per day. It has
been shown that this treatment decreases stone formation and nephrocalcinosis and stabilizes the
renal function (72). However, sodium citrate should be used in cases of high levels of potassium in
plasma (28). Orthophosphate (20-60 mg/kg/day) has the same effect and has been reported to

trigger a benefit comparable to potassium citrate (73).
1.25.4 Management for urolithiasis

Surgical intervention for removal of stones is not recommended in PH1 patients, since the surgery
would increase the inflammation and contribute to the development of ESRD. Therefore, an

endoscopic procedure is the most adequate method to remove multiple stones in PH1 (28).
1.255 Dialysis

Renal replacement has to be performed in PH1 patients that develop ESRD. An aggressive dialysis
treatment is required to decrease the plasma oxalate levels, and hemodialysis and peritoneal dialysis
are recommended (28). The plasma oxalate levels are reduced up to 60% during hemodialysis, but
bounce back to 80% of the pre-dialysis level within 24 hours and to 95% within 48 hours (31). The
liver of PH1 patients produce a mean of 4-7 mmol/1.73 m?/24 h of oxalate, while the dialysis is
only able to remove 1-4 mmol/1.73 m?/24 h, therefore not completely preventing the accumulation
of the metabolite (21). As a consequence, hemodialysis has to be applied 5-6 times a week for 3-5
hours/session and it is combined with nightly peritoneal dialysis (23). Considering the low efficacy,
dialysis is only used while waiting for transplantation and is not recommended if preventive

transplantation is feasible (28).
1256 Pyridoxine hydrochloride (pyridoxal 5’-phosphate, PLP)

The elevation of the concentration of PLP in the cytoplasm increases the binding speed of this
cofactor to the monomeric form of AGT and acts as a prosthetic group. In addition, PLP can act as a
chaperone for AGT since it triggers a better transport to the peroxisome (74). The treatment with
pyridoxine hydrochloride (5-20 mg/kg/day) is known to be effective only in some PH1 patients,
depending on the molecular alterations, but it should be tested in every patient (28). Clear evidences
suggest that this treatment is effective in patients carrying the mutations G170R and F1521 (75,76),
where the defective folding of the enzyme leads to the mistargeting of the AGT to the mitochondria.
The increased concentration of the cofactor leads to an improved protein folding and its correct
transport to the peroxisome. Other mutations that destabilize the structure of the protein (such as the

mutation 1244T in the minor allele) could also respond to the treatment (56,77).
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1.2.6 Development of novel therapies

Many novel approaches are being tested preclinically in several PH1 models. Martin-Higueras et al.

recently reviewed some of these approaches (Figure 6) (78).
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Figure 6. New therapeutic strategies that are currently being developed for the treatment of PH1 (78).
Enzyme replacement therapy (ERT) using intravenously delivered modified AGT recombinant protein;
substrate reduction therapy (SRT) inhibiting glycolate oxidase (GO) enzyme; regulation of the proteostasis of
AGT to allow complete and correct folding of the protein; cell therapy using hepatocytes with correct AGT
expression, and gene therapy using recombinant single-strand AAV vectors carrying the correct AGXT gene
(sSAAV-AGXT).

As in many other diseases, the development of new molecular therapies for PH1 requires a good
knowledge of the mechanisms involved in the stabilization and progression of the disease. In PH1 is
important to note that AGT-deficient hepatocytes conserve all other metabolic functions and are not
damaged due to oxalate overproduction. For this reason, the hepatocytes that express a functional
AGT do not have a selective advantage. Therefore, if only a low percentage of hepatocytes was
corrected, the rest would continue producing the toxic metabolite causing renal damage.
Researchers should be aware of this characteristic to develop and optimize new therapeutic
strategies to reach a high percentage of hepatocytes. The exact percentage of hepatocytes that needs

to be corrected to achieve a therapeutic reduction in oxalate remains unclear. Some approximations
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suggest that a correction of 40% could be enough, although it is based on gene therapy experiments

in mice and could be different in humans (79,80).
1.2.6.1 Enzyme replacement therapy (ERT)

ERT is based on the administration of the missing enzyme to the patients intravenously, modified or
not, to reach the target organ and restore its activity. This strategy has been used in hemophilia, a
disease characterized by the deficiency in a coagulation factor, and in lysosomal storage diseases
(LSD). The approach has been applied successfully in these diseases because the coagulation
factors act in the blood and the lysosomal enzymes can enter the lysosome directly by endocytosis.
However, in the case of AGT the enzyme needs to overcome several barriers, such as specific liver
targeting, the escape from the lysosome to the cytoplasm, and the re-transportation to the
peroxisomes. Different strategies have been considered in order to increase the transport of AGT to
the hepatic peroxisomes. For example, the addition of a cell-penetrating peptide (CPT) like trans-
activator of transcription (TAT), poly-arginine or chemically attached galactose residues could
target the enzyme specifically to the liver. Hemaglutinin tags have been added to facilitate the
endosomal escape. The posterior transport to the peroxisome has to be also feasible after the

modifications (81). However, this approach has not been tested so far in the clinic.
1.2.6.2 Substrate reduction therapy (SRT)

The rational of SRTs is to reduce the production of the toxic metabolite or its precursor. In the case
of PH1 the inhibition of glyoxylate synthesis from glycolate has been suggested as efficient SRT,
since glycolate is metabolized from HP in the mitochondria and then transported to the peroxisome,
where it is converted into glyoxylate (82,83) (Figure 1). As described, the glyoxylate is synthesized
from glycolate by the enzyme GO, and the inhibition of this enzyme is expected to decrease
glyoxylate synthesis. GO is a peroxisomal, FMN-dependent a-hydroxyacid oxidase (84) that is
encoded by the gene HAOL in humans (Haol in mice) that catalyzes the oxidation of glycolate to
glyoxylate (the precursor of oxalate) (85). In 2016, Martin-Higueras et al. generated a Haol”
mouse that developed non-pathogenic glycolic aciduria as only phenotypic change (78). Glycolate
was accumulated in absence of GO activity, but being a small and highly soluble molecule it was
easily eliminated through urine. Moreover, they generated a double KO Haol”/Agxt” mouse,
which presented no hyperoxaluria but glycolic aciduria. Therefore, they concluded that the
inhibition of GO led to decreased oxalate synthesis without any pathological phenotype, thus
proving to be a safe and efficient target. Several strategies are being developed to inhibit the

expression or activity of GO. Several authors have inhibited in vivo the expression of GO by means
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of HAO1-specific siRNAs directed to the liver using siRNAs in lipid nanoparticles (86) or by
binding to N-acetylgalactosamine (87). An efficient Haol mRNA and GO protein reduction was
achieved in mice, rats and NHPs. Moreover, two pharmaceutical companies are running Phase |
clinical trials in PH1 patients using these strategies to target HAOL expression: Dicerna (Dicerna
Pharmaceuticals 2016, NCT02795325) and Alnylam (Alnylam Pharmaceuticals 2016,
NCT02706886). In fact, preliminary results from the Alnylam trial were presented during the
annual meeting of the American Society of Nephrology in 2017 (https://www.ash-
online.org/education/kidneyweek/2017/program-abstract.aspx?controlld=2827611).  Furthermore,
the use of small molecules to inhibit the activity of GO could be also an interesting approach (88).
In a recently published paper, a high-throughput study was performed to identify new small

molecules with capacity to inhibit GO activity and three promising hits were obtained (89).

However, the safety of this approach is still controversial since contradictory results have been
reported in the literature. GO deficiency has been described as a benign rare metabolic disorder.
Proof of it is a case reported in 2014, of a child with the mutation ¢.914-1G>C. This mutation
affects a splice acceptor in intron 5 of the HAOL gene, which leads to a 53 amino acid deletion and
the loss of protein function (90). No associated pathological phenotype was observed, except for a
glycolic aciduria. However, recently another case was reported, where the patient showed
hyperoxaluria and glycemic aciduria in presence of a mutation in the HAO1 gene and normal AGT
activity and immunoreactivity (91). A similar phenomenon was described in a study of Li et al.,
where the treatment of WT mice with a siRNA for Haol led to an increase in urinary oxalate (83).
The authors suggested that a possible reabsorption and metabolism of glycolate into oxalate in a GO

independent manner could occur in the kidneys of mice, and also humans.

Other possible targets for SRT in PHL still remain unexplored. Some evidence suggested that the
inhibition of the expression of hydroxyproline dehydrogenase, or HYPDH, the enzyme that
catalyzes HP in the mitochondria (Figure 1), decreases the oxalate production in the PH1 mouse
model (83). It has been shown that HP contributes to 65% of the glycolate synthesized in humans
(83) and, as in the case of GO, a rare autosomal recessive disorder of HYPDH deficiency
(Hydroxyprolinemia) has been described, which is non-pathological (92). Another possibility could
be the inhibition of LDH, which is involved in the transformation of glyoxylate into oxalate.
Finally, the reduction of glyoxylate could come from the increase of its degradation instead of a
decreased synthesis. For example, an increased GRHPR activity would lead also to decreased

glyoxylate levels.
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The combination of complementary strategies could be the most beneficial to reduce oxalate to non-

damaging levels.
1.2.6.3 Chaperone-proteostasis regulator therapy (CPRT)

The term “proteostasis” refers to the intracellular homeostasis of the proteins and comprises protein
expression and regulation, folding and stability, interaction with chaperones, degradation and
intracellular trafficking. In the case of AGT, proteostasis has special importance since most of the
mutations leading to PH1 affect protein folding, stability, dimerization and subcellular localization.
Moreover, AGT is a big protein with a complex structure and it has been described that some of its
partially folded states associate with chaperones such as HSP90, HSC70 or GroEL (a bacterial
chaperone) in vitro (17,56,93). As explained, the treatment with pyridoxine leads to the stabilization
of unfolded AGT and to its proper intracellular targeting because of the chaperone effect of the
cofactor. Therefore, two CPRT approaches could be applied. On one hand, the intracellular HSP70
chaperone machinery could be activated; however, the main problem of this approach is that the
HSP machinery is very complex and safe and efficient targets have to yet be described. On the other
hand, pharmacological and chemical chaperones could be designed to stabilize unfolded or partially
folded AGT forms. Normally, these types of compounds are structurally similar to known protein
ligands or inhibitors and favor a compact state of the proteins. It is thought that this novel therapy
could be applied successfully in PH1 but its usefulness is limited by the high concentration of
chaperone needed inside the cells, which complicates the administration to the patient (21). Opicci
et al. investigated the role of the AGT inhibitor aminooxyacetic acid (AOA) as chaperone (94).
They concluded that the in vitro treatment with AOA increased the detoxification of glyoxylate in
cells expressing the G41R, G170R and 1244T variants. The improvement is associated with an
increase of thermal stability, the proper localization of G170R and 1244T in the peroxisome variants
and an increased enzymatic activity of the G41R variant. As AOA is an inhibitory molecule they
designed and tested AOA analogues with reduced inhibitory activity, obtaining a hit molecule that
only decreased 30% of the activity of WT AGT and conserved all the beneficial effects over the
mutant AGT variants.

1.2.6.4 Oxalate degradation

The oxalate is an end product of the metabolism and cannot be further metabolized in humans.
However, a bacterium from the gut microbiota called Oxalobacter formigenes has the potential to
degrade oxalate: It produces an oxalate-formate membrane transporter, oxalyl-CoA decarboxylase,

and formyl-CoA transferase — all off which are involved in oxalate processing. The colonization of
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this bacterium could lead to the metabolism of the oxalate taken up in the diet. As known, oxalate is
transported through the intestine by passive and active transport, implicating a possible elimination
of oxalate through this pathway. Moreover, it has been shown in the PH1 mouse model that the
colonization with Oxalobacter formigenes activated the secretion of oxalate into the intestine and
led to a reduction in urine oxalate (95). Four Clinical trials have been performed to date where PH1
patients orally received a preparation of Oxalobacter formigenes. The treatment was demonstrated
to be safe and a beneficial effect was observed in the first Phase | trial (96). However, in further
Phase I/l and Phase I/l trials the main endpoint of the studies was not fulfilled, namely the
reduction of oxalate levels in urine (97-99). It was hypothesized that some parameters, such as the
stratification of patients based on baseline renal functionality, could have biased the results.
Nevertheless, in the last two studies a correction in plasma oxalate levels was observed (98,99).
Further studies should be carried out in order to increase the efficacy of this treatment, which could

easily be combined with other treatments.
1.2.6.5 Gene and cell therapies

PH1 can be cured with liver transplantation, which means that the reconstitution of correct function
of AGT enzyme in the liver would lead to the improvement of the disease. This can be achieved by
gene and cell therapy approaches, which aim at altering or substituting the diseased cells. These
strategies are currently being developed and applied to PH1. Cell therapy for PH1 consists of the
transplantation of WT or patient-derived-corrected hepatocytes to substitute the AGT-deficient
cells. This was the approach performed by Jiang et al., in which a correction of oxalate levels in

Agxt” mice transplanted with WT hepatocytes was observed (100).

Several viral vectors have been tested for gene therapy of PH1 in the Agxt”™ mice: First generation
adenovirus (101), third generation adenovirus or helper-dependent adenovirus (HDAd) (79) and
AAYV (80). In all the cases, the treatment demonstrated to be safe and to efficiently express AGT
protein and reduce urine oxalate levels. However, a deep analysis of each treatment needs to be
done in order to select the most adequate vector and strategy to treat PH1 patients. Further

explanation of some of these methods is given in the “Gene therapy” section.

In this context, gene or genome editing strategies are being developed and could be applied to treat
human diseases in two ways: ex vivo editing to correct patient cells and their subsequent transplant
to patients, and in vivo editing using gene therapy tools. These approaches are also explained in

‘Genome editing’ section.
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1.2.7 PH1 models

Several models have been established for the study of molecular mechanisms of PH1 and the

application of new treatments.
1271 Cell models

The most frequently used cell culture model is based on Chinese hamster ovarian cells (CHO).
These cells do not express the enzymes involved in the glyoxylate pathway, such as GO, AGT and
GRHPR. Behnam et al. generated CHO lines stably expressing these genes individually or in
combination (102). The CHO cell line expressing GO only was sensitive to glycolate, which caused
cell death, and this toxicity was corrected co-expressing AGT or GRHPR. This model has been
widely used to characterize the two polymorphic variants and the mutants of AGT (77) as well as to
study different therapeutic approaches, such as a high-throughput screening of GO inhibitor

molecules (89).

The generation of patient-derived induced pluripotent stem cells (iPSCs) has brought the
opportunity to study many diseases in the genetic context of each patient. In the particular case of
PH1, iPSCs have been generated from fibroblasts of a patient carrying the 1244T mutation (103).
The differentiation of these pluripotent cells to hepatocytes could allow the study of molecular
mechanisms of the disease and the testing of various treatments in vitro. Furthermore, the correction
of the iPSCs and the subsequent transplantation of iPSC-derived hepatocytes could be used as a cell
therapy for PH1 patients.

1.2.7.2 Animal models

A mouse model generated by Salido et al. in 2006 has been used in most of the in vivo experiments
published to date (101). To generate this model, mouse embryonic stem cells were subjected to a
recombination process that substituted the genomic region comprising exon 4 to 8 of murine Agxt
by a neomycin resistance cassette. The model was established on a mixed background (129Sv x
C57BL/6) and subsequently backcrossed with C57BL/6 to obtain a pure C57BL/6 background.
Several differences between Agxt” mice and their WT littermates were observed, in particular the
oxalate excretion in 24-hour urines. It was higher in males than in females, which was probably due
to the hormonal regulation of GO that leads to an increased glyoxylate load in males (101). All KO
mice were positive for COM crystals in urine sediments. Male animals of a mixed background
(129Sv x C57BL/6) developed CaOx stones in the bladder, while pure C57BL/6 animals and 129Sv

x C57BL/6 females did not. This was an interesting fact, taking into account that no gender- or
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background-related difference in ionic composition of the urines was observed. However, in other
studies higher calcium levels in the urines of male mice were reported, independent of the genotype
(6). As for kidney damage, mild nephrocalcinosis together with isolated CaOx deposits was
observed in some of the mixed background mice. The almost absent kidney damage, observed even
in the presence of high oxalate concentration in urine, could be explained by the high GFR in these
mice, which makes them less prone to generate CaOx deposits. When C57BL/6 PH1 animals were
challenged with the precursor of oxalate ethylene glycol (EG), which was added to drinking water
(0.7% concentrated) during 3 weeks, the mice presented with elevated oxaluria and plasma oxalate
when compared to WT littermates at the end of the challenge. Moreover, all KO animals had

decreased creatinine clearance and nephrocalcinosis ranging from mild to severe.

1.3  Gene Therapy

According to the NIH, gene therapy is an experimental technique that uses genetic material to treat
or prevent disease (https://ghr.nlm.nih.gov/primer/therapy/genetherapy). Four strategies are being
used: (a) replacement of the mutated gene by introducing a healthy copy of the gene; (b)
inactivation of a mutated gene that is not functioning properly or of another gene directly involved
in the disease, (c) introduction of a new gene that will help to fight the disease, and (d) edition of

the genome of the diseased cells.

The wide application of gene therapy can be deducted from its description. After many years of
research defining strategies to treat a whole variety of diseases, the preferential investigation lines
have been stablished. Taking into account the clinical trials performed to date, the most common
application of gene therapy is cancer treatment (64.6% of the trials), followed by the treatment of
monogenic disorders (10.5%) (Figure 7A). The vectors more often used in gene therapy clinical
trials are adenovirus and retrovirus (Figure 8A). However, the comparison between the statistical
analyses performed in 2012 and 2017 referring to gene therapy clinical trials shows the increase in

frequency of trials for monogenic disorders and the use of AAV vectors (Figures 7 and 8).
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Figure 7. Indications for the treatment with gene therapy in all the clinical trials performed until 2017
(A) and 2012 (B). Data obtained from The Journal of Gene Medicine (www.wiley.co.uk/genmed/clinical) and
(104).

Ex vivo gene therapy is based on the isolation of cells from a patient or a healthy donor, the ex vivo
expansion and genetic modification of these cells, and the administration of the modified cells to the
patient to treat a disease. It has been mainly applied to hematological disorders and to cancer
immunotherapies. The gene transfer to hematopoietic stem cells (HSC) has been used in several
pre-clinical and clinical studies aimed at curing diseases such as severe combined
immunodeficiencies (SCID), Wiskott-Aldrich syndrome (WAS), B-thalasemia and Fanconi’s
anemia (105,106). The development of chimeric antigen receptor (CAR) T-cells has emerged as an

efficient therapeutic approach to treat several type of cancers (107).

The in vivo applications of gene therapy have been widely studied, mainly for the treatment of
monogenic disorders. The best example is the treatment of hemophilia B using AAV vectors to
express the deficient coagulation Factor IX (108).
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Figure 8. Vectors used in gene therapy clinical trials performed until 2017 (A) and 2012 (B). Data

obtained from The Journal of Gene Medicine (www.wiley.co.uk/genmed/clinical) and (104).
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1.3.1 AAV vectors
1311 AAV biology

AAV is a helper-dependent parvovirus from the Parvoviridae family, which requires the coinfection
of another virus (adenovirus or herpes simplex virus) to complete its replication cycle. AAVs are
not pathogenic in human, which explains their relatively recent discovery as a contaminant in a
simian adenovirus preparation (109). They are small viruses (18-25 nm of diameter) with a single
stranded DNA (ssDNA) of 4.7 Kb. Many different serotypes, which are similar in structure and
genome, have been isolated from organs of humans and primates (110). Each particle is composed
of an icosahedric capsid formed of three proteins called viral protein 1, 2 and 3 (VP1, VP2 and
VP3). A single copy of the viral genome of either polarity is found inside the capsid. The genome
consists of two inverted terminal repeats (ITR) that form hairpins in the extremes of the genome and
contain the only cis regulatory elements in the virus: origin of replication, terminal resolution site as
well as packaging and integration signals. Furthermore, the genome contains two genes, one
involved in virus replication (Rep) and other responsible for the synthesis of the capsid proteins
(Cap), and three promoter sites, which allow the generation of seven different transcripts by
alternative splicing (Figure 9). The first two promoters, called P5 and P19, are involved in the
synthesis of the four Rep proteins (111). The two major Rep proteins, Rep78 and Rep68, are
involved in the viral genome excision, rescue, replication and integration; while the two minor
proteins, Rep52 and Rep40, are essential for the accumulation and packaging of replicated ssDNA
genomes. The P40 promoter is implicated in the transcription of the Cap gene, which gives the viral
proteins VP1, VP2 and VP3 by splicing. They assemble at a ratio of 1:1:10 to form the capsid
(112). Recently a new ORF was found inside the Cap gene that generated the assembly activating
protein 2 (AAP2), which is thought to interact with the proteins of the capsid and acts as an
assembly scaffold (113,114).
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Figure 9. Structure of WT AAV genome and transcriptional variants (111). ITR=inverted terminal
repeats; REP=genes involved in replication; CAP=genes involved in the generation of the capsid. P5, P19 and

P40 are the three promoters that have been described.
1.3.1.2 AAV as gene therapy vector

In order to generate a recombinant AAV vector the viral genes, Rep and Cap, are eliminated and
substituted by the therapeutic expression cassette of interest. The ITR sequences are the only viral

genomic sequences required to package the DNA into the capsid.

The production of recombinant AAV vectors requires provision of the genes deleted from the
genome (Rep and Cap), and are supplied in trans together with the necessary genes from the helper-
virus. Today, the two most common procedures for AAV vector production are based on
transfection of mammalian cells (such as HEK293 cells) and baculovirus infection of insect cells

(Baculovirus-SF9 cells system) (112).

Normally, the ITRs from the AAV serotype 2 are employed together with a variety of serotype
capsid depending on the gene therapy strategy. All serotypes have been tested in several pre-clinical
models (Figure 10). In the clinic, AAV2, AAVrh10 and AAV9 have been used for the brain;
AAV2, AAV4 and AAVS for the eye; AAV1, AAV2 and AAV9 for the muscle, and AAV2, AAV5
and AAVS8 for the liver (Figure 10) (115,116). Some of the serotypes have shown special

characteristics, such as the ability to cross the blood-brain-barrier as in the case of AAV9 (117).
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Figure 10. Summary of the AAV serotypes tested in various animal models and in humans to target
different organs (115).

The recombinant virus is believed to follow the same infection process as the WT virus, except for
the transcription of the transgene instead of the viral genes. The receptors and co-receptors that
mediate the entrance of the vector into the cell have been identified for almost all the serotypes of
AAV. Glycans are used as attachment receptors and a broad range of cell surface receptors to
mediate the uptake. It is believed that the tissue-specific tropism is determined by the binding
specificity of the vector to the glycan and the entry receptor (111). Recently a ‘universal’ receptor
necessary for the infection of all the serotypes has been described (118), it was called AAV receptor
(AAVR).

The intracellular trafficking pathway of the vector remains unclear and it may be serotype-
dependent. However, a model has been established in which the vector enters by the endosomal
pathway, is able to escape from the endosome and enters the nucleus. Once in the nucleus, the DNA
is released from the capsid, the complementary DNA strand is synthesized and transcription is
started. The viral genomes remain stable in the nucleus forming concatamers, which are the result
of the joining of many genomic molecules (ITR-ITR binding), which result in the formation of a
circular and stable structure that remains episomal. Despite concatamer formation, a low percentage
of AAV genomes integrate into the host genome. In fact, it is known that WT AAVs are able to
integrate in the chromosome 19 in a locus called AAVS1 (119), which is considered a safe harbor
locus for integration. The specificity of integration is mediated by the protein Rep78 (120); thus the
integration of recombinant AAVs would not be specific since the Rep gene is eliminated from the
genome. There is some concern about the potential occurrence of insertional mutagenesis in AAV
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gene therapy. For example, Nault et al. analyzed samples derived from human hepatocellular
carcinomas (HCC) and they found insertions of WT AAV2 genome fragments (121). In contrast,
Gil-Farina et al. analyzed the integration profile of a recombinant AAVS5 vector in the livers of
patients and non-human primates (NHPs) treated with a gene therapy vector for acute intermittent
porphiria (AIP), showing that the integration was random. Furthermore, they did not observe
integration in HCC driver genes (122,123).

AAV is considered a low immunogenic virus, due to the absence of inflammation during the first
hours post-infection and the low cellular immune response generated by the capsid. However, the
humoral immune response against the capsid is high, producing elevated titers of binding and
neutralizing antibodies. As a consequence, the administration of AAV vectors is dramatically
affected in patients with pre-existing antibodies as the vector is neutralized and hence not able to
transduce the target tissue. Although all pre-clinical data obtained from animal models suggested
that AAV vectors do not elicit T cell responses, the first trial using an AAV?2 to treat hemophilia B
indicated otherwise: Upon delivery of an AAV2 expressing the human Factor IX (FIX) to the liver,
the patients developed a response against the capsid, which led to the elimination of infected

hepatocytes (measured as transient transaminitis) and the loss of transgene expression (124).
1.3.1.3 AAV-based gene therapy directed to the liver

The liver is the central metabolic organ of the body and many compounds and drugs are
metabolized here by the hepatocytes. In addition, the production of many secreted proteins is
carried out by this organ. More than 400 rare monogenic disorders with hepatic origin have been
described and most of them could potentially be cured by liver transplantation (125). This fact leads
to think that gene therapy aimed at restoring the function of the affected gene can also serve to cure

the disease.

Another characteristic that makes the liver preferred target for gene therapy is its anatomy: It is a
central organ, which receives blood from two different circulatory systems (systemic and portal),
which filters approximately 1 L of blood per minute and which contains 10-15% of the total blood
volume (126). This fact increases the probability of accumulating a systemically administered gene
therapy vector. Another characteristic that favors the infection of the liver with gene therapy vectors
is the existence of a fenestrated endothelium that facilitates the entrance of the virus into the hepatic
parenchyma as well as its interaction with hepatocytes. Finally, as the AAV genomes form stable
concatamers in the nucleus of the cells, a long-term expression is achieved in cells with low

division rate, like hepatocytes that have a division rate of 1-2 divisions/year. However, AAV
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genomes are rapidly lost in actively dividing cells, such as neonatal liver, which have limited the

use of these vectors to adult livers.

The number of preclinical studies and clinical trials using AAV vectors to cure a wide range of rare
monogenic hepatic disorders is rising with time (126). However, to date only a single study has
characterized the use of AAV-based therapy for PH1 (80). This study was performed in the PH1
mouse model described above (1.2.7.2 section) and the vectors used were AAV5 and AAV8, which
have known tropism for the liver. The expression cassette consisted of the hepatospecific promoter
of the al-antitrypsin gene (AAT) fused to the albumin enhancer (EAIbDAAT), the human AGXT
cDNA sequence followed by the woodchuck hepatitis virus posttranscriptional regulatory element
(WPRE - an element that triggers increased transgene expression (127)) and the polyadenylation
signal of the bovine growth hormone. The administration of these vectors resulted in the expression
of AGT in the peroxisomes of the hepatocytes. The oxalate levels decreased in animals treated with
both AAVS (5x10% vg/kg) and AAV5 (5x10" vg/kg and 1.5x10" vg/kg). In males but not in
females the lowest dose of AAV5 (5x10™ vg/kg) also corrected the oxalate metabolism, suggesting
that in females the percentage of transduced hepatocytes was insufficient at this dose. The
nephrocalcinosis observed after an EG challenge was also significantly reduced in the animals
treated with AAVS.

As mentioned, the main impediment to treating PH1 with gene therapy is the necessity to correct a
certain percentage of hepatocytes in order to decrease oxalate levels to normal values. To date, the
greatest success obtained in the AAV-based liver gene therapy field has been in hemophilia B,
where long-term therapeutic expression of the transgene could be achieved using an AAVS
expressing FIX (128). Furthermore, it was shown that the expression of only 5% of normal FIX
levels in serum translated to therapeutic effect, converting the disease into mild hemophilia.
Moreover, the transduction of a low percentage of hepatocytes was sufficient for expression of
therapeutic FIX levels. However, the scenario found in PH1 is completely different and its AAV-

based therapy has to be optimized to guarantee the correction of a high percentage of hepatocytes.

1.3.14 Strategies to optimize AAV-based gene therapy

e Optimization of the recombinant AAV genome

Several strategies to improve the transduction of AAV vectors have involved changes at the

recombinant genome level.
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Changes in ITR sequences: Some strategies to improve gene therapy include the modification of
the ITRs as well as the combination of ITRs and capsids from different serotypes. ITR regions
are versatile and can support changes that affect the packaging capacity minimally (129). Some
studies propose the elimination of specific sequences from the ITRs, thereby decreasing the
packaging capacity but increasing the transgene expression (130).

Self-complementary AAV vectors (SCAAV): In order to initiate the transcription of the
transgene, the sSDNA genome of AAVs needs to be converted into double stranded DNA. This
can be achieved by two different mechanisms: de novo synthesis of the complementary strand by
the cellular polymerase or by complementary binding of the positive and negative strand. In
SCAAV genomes the replication termination signal in one of the ITRs is eliminated, which
instead of stopping in the second ITR after replicating the first strand, leads to synthesis of the
complementary sequence of the newly synthesized strand, generating a double stranded genome.
SCAAVs trigger faster and higher expression of the transgene (131,132); however, this strategy
implies the reduction of the cloning capacity to 2.5 Kb.

Promoter and enhancer sequences: Another strategy to increase the expression of the transgene
is the use of different promoters and enhancers. In some cases, more potent promoters are
needed, even if there is some leakage in non-targeted organs. In other cases, the promoter should
be strictly specific to the target organ.

Codon optimization of the transgene: The degeneration of the genetic code allows changing the
DNA sequence of a gene without changing the protein sequence. Codon optimization has been
used to enhance the expression of the transgene because of a higher affinity of the tRNA for
certain codons (133). Many gene therapy strategies have included codon optimization of the
transgene, which allowed a higher transgene expression (128,132,134).

Cis activating elements: Some elements that enhance transcription of the transgene can be added
to the cassette, such as the WPRE (127) or an intron (134).

e Change or optimization of the capsid

As mentioned, different serotypes can be used to increase the transduction of a specific target organ

(115,116). Moreover, several strategies led to the generation of new capsids: evolution of capsids

by selective pressure (135), engineering of capsids that are able to escape the immune system (135),

modification of single amino acids, combination of various serotypes (136) and reconstruction of

ancestral capsids (137). Some of the capsid discovered using these strategies proved to increase the

transduction of the liver.
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e Changes in the administration procedures

Various different administration routes have been investigated to increase the transduction of the
target organ or tissue. For example, in order to improve liver transduction, direct administration into
the hepatic bloodstream was assessed. Previous studies performed by our group in rodents have
shown that the use of administration routes allowing direct access to the liver of AAV vectors
increased the transduction of hepatocytes and mitigate gender-dependent differences (138). Mimuro
et al. tested a combination of saline flushing and direct AAV8 injection into the portal vein in
Macaca fascicularis, or cynomolgus monkeys, as a strategy for avoiding the effect of existing
neutralizing antibodies (139). However, no studies on the effect of the administration route on
transduction of AAV vectors are available in clinically relevant animal models like non-human
primates (NHP). In these animals previous studies analyzed the impact of the administration route
on liver transduction mediated by HDAd. In these studies the vector was injected via portal vein or
peripheral vein with simultaneous occlusion of the hepatic blood outflow by placing a balloon
catheter in the inferior vena cava (IVC) (140-143). The fenestrated endothelium of the liver favors
the entrance of vector delivered intravenously and when the intrahepatic pressure increases,
fenestrae become larger. This facilitates the penetration of the liver parenchyma by the vector in a
way similar to what has been described for hydrodynamic injection in mice (144,145). In
comparison with systemic administration, higher and longer-term transgene expression was
achieved using these procedures. Oka et al. administered an HDAd-expressing LDL receptor
(LDLR) to LDLR-deficient macaques via the hepatic artery while occluding the 1IVC (146). This
resulted in an improvement of the LDLR expression levels and had a better therapeutic effect
(measured as cholesterol reduction in blood) than when using 1V administration. However, balloon

occlusion of the IVC caused a 50% decrease of blood pressure with detrimental consequences.

A recent paper published by Greig et al. tested the impact of the infusion time in Macaca
fascicularis and they found a trend of proportional correlation between infusion time and transgene

expression (147). However, the variability within groups was high.
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1.3.2 Genome editing

The genome or gene editing is a genetic engineering technique used to modify the DNA of a cell in
a specific and precise way. To date it has been applied for the generation of several in vitro and in
vivo models of disease and also as a therapeutic tool in many genetic diseases. Some gene editing
strategies make use of engineered nucleases that specifically target the DNA and produce double-
strand breaks (DSBs) while others are based on the insertion of a sequence by homologous
recombination without causing any damage to the DNA. The last strategy has been used for decades

to generate genetically modified animal models.

Regarding the gene editing processes using site specific nucleases, various biological tools have
been adapted for investigational or therapeutic purposes. Three major platforms are used to target
specific DNA sequences: ZFN (zinc finger nucleases), TALEN (transcription activator-like effector
nucleases) and the CRISPR/Cas9 system (clustered regularly interspaced short palindromic

repeats/CRISPR associated protein 9).
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Figure 11. Schematic representation of the mechanism of action of several DNA-specific nucleases used
in eukaryotes. A) Each domain of ZFN is engineered to recognize a specific trinucleotide (148). B) TALE
nucleases recognize each nucleotide depending on the repeat-variable diresidues (RVD) (148). C)
CRISPR/Cas9 system consists of the Cas9 nuclease and a single guide RNA (sgRNA) that is complementary
to the target DNA (149).
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ZFN derived from zinc finger DNA-binding domains (DBDs), which are the most frequent DBDs
generated in eukaryotes. Each domain recognizes a triplet of nucleotides and the artificial
engineering of the domain allows the recognition of several sequences. Thus, zinc finger DBD
arrays have been built using a linker sequence, which allowed targeting of longer sequences.
Moreover, the addition of a Fokl nuclease led to the generation of ZFN that generate DSBs in the
genome (Figure 11A) (148).

TALE domains derived from DNA binding proteins present in the plant pathogenic bacteria genus
Xanthomonas. These DBDs are composed of 33-35 amino acid repeat domains that bind to a single
nucleotide. The specificity of the binding is derived from two hypervariable amino acids called
repeat-variable diresidues (RVD). The arrangement of nucleotide-specific domains is engineered to
target any sequence in the genomic DNA, but the sequence must start with a T to promote the
binding of the protein. These TALE sequences have been fussed to Fokl nucleases that generate
DSBs in the targeted region (Figure 11B) (148).

CRISPR/Cas9 is a system derived from bacteria consisting of a nuclease (Cas9) that is guided by a
RNA to the specific target site in the genome. The alignment of the guide RNA (gRNA) with the
target DNA sequence leads to DSBs generated by the Cas9 nuclease (Figures 11C and 12) (149).
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Figure 12. Cellular repair mechanisms after the generation of a DSB (149). The generation of a DSB (in
this case using CRISPR/Cas9 system) triggers the activation of the cellular repair mechanisms, namely non-
homologous end joining (NHEJ) and homology-directed repair (HDR). Indels (insertions and deletions) are
generated by NHEJ, which introduces errors in the coding sequence. The DNA is specifically repaired by

HDR whenever a DNA template is present.

The generation of DSBs in the genomic DNA promotes the activation of cellular mechanisms

involved in the repair of the DNA damage. There are two main DSB repair pathways: non-
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homologous end joining (NHEJ) and homology-directed repair (HDR) (Figure 12). NHEJ is an
error-prone mechanism to repair DNAs with a DSB (Figure 13). In the canonical pathway (150), the
heterodimer Ku (Ku70/Ku80) binds immediately to the ends left by the introduction of a DSB. Then
Artemis, which has various nucleolytic activities, is recruited into the DNA-PK complex and is
activated by DNA-PK autophosphorilation. Subsequently, another complex containing XRCC4
(involved in the stabilization of the free DNA ends) and DNA ligase IV (ligation of free ends) is
recruited (151) (Figure 13). Alternative pathways have been described, which depend on the DSB
characteristics (152). Overall, insertions and/or deletions (indels) are generated in the damaged
DNA during NHEJ DNA repair. Genome editing strategies have taken advantage of this mechanism
to introduce errors in specific regions, particularly in coding regions, to inhibit the expression of a
certain gene, e.g. when generating KOs. HDR on the other hand, is a mechanism that leads to
specific repair of the DSB in presence of a template, which contains sequences homologous to those
present in the flanking region of the DSB. It is a complex mechanisms in which proteins such as
RAD and BRCAL are involved (150). The HDR mechanism has been used to integrate sequences in
the genomic DNA or to correct point mutations (Figure 12).
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Figure 13. Schematic representation of canonical and non-canonical (or alternative) NHEJ pathways
(151). The canonical pathway includes proteins such as Ku70/80, DNA-PK and Artemis, and the broken
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DNA ends are joined by DNA ligase IV. In the non-canonical pathway, DNA ligase Il is the enzyme that

repairs the break.
1321 CRISPR/Cas systems in bacteria

CRISPR/Cas9 systems are present in many bacteria and archaea and they are the *adaptive immune
system’ of these microorganisms. CRISPR loci were first sequenced by Mojica et al. in the archaea
Haloferax mediterranei (153). The genomic structure of CRISPR had not been observed previously
(Figure 14A) (154): It is made up of repeated palindromic fragments of 24-47 bp, which are
separated by spacers of 26-72 bp. The number of repeated sequences varies between species. The
spacers are not usually repeated and most of them match with sequences that can be found in
phages or in plasmids. Upstream of the CRISPR loci a sequence called leader was found, which can
span up to 550 bp. The CRISPR associated genes (Cas genes) are located in the same genomic
region, upstream of the leader. In the 5° extreme of the CRISPR loci another fragment is
transcribed, the so-called trans-activating crRNA (tracrRNA) (154).

When a bacterium is infected by a phage or receives a plasmid, Cas proteins fragment the foreign
DNA into small pieces, which are then introduced in the CRISPR loci between the leader and the
first palindromic repeat. The CRISPR locus is transcribed and other Cas proteins are involved in the
delivery of RNA fragments containing a palindromic repeat and a spacer, which is called crispr
RNA (crRNA). Once produced the crRNA binds to tracrRNA and to the Cas nuclease. This
complex is able to recognize a phage or plasmid DNA fragment that is complementary to the spacer
and it generates a DSB in the fragment. Therefore, the bacterium becomes resistant to certain
phages or plasmids (Figure 14B) (154).

The only limitation in using these systems for targeting is the need of a consensus sequence located
5’ or 3’ of the targeted regions. This sequence is called ‘protospacer adjacent motif’ or ‘PAM’ and

varies in sequence and location depending on the Cas nuclease.
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Figure 14. CRISPR/Cas9 system. A) Structure of the genomic loci that encode the complete CRISPR/Cas9
system in bacteria. B) Function of CRISPR/Cas9 system in bacteria (155). During the first infection with a

phage, the foreign DNA is fragmented by Cas enzymes and incorporated into the CRISPR locus between the
leader and the first palindromic repeat. Upon secondary infection, Cas9 is bound to the tracrRNA and the
crRNA and this complex is able to introduce DSBs in the foreign DNA, leading to its destruction and to

resistance against the infection. tracrRNA=trans-activating crRNA; crRNA=crispr RNA.
1.3.2.2 CRISPR/Cas systems adapted for eukaryotic genome editing

So far many types of CRISPR/Cas systems have been described in bacteria, however, only a few
have been adapted for their use in eukaryotic cells. Most of the publications in which CRISPR/Cas
systems are applied in eukaryotic cells or organisms use the Class 2 CRISPR/Cas system, mainly
the type Il (156). The Cas for this kind of CRISPR is called Cas9 and the most popular one is
derived from Streptococcus pyogenes (SpCas9) (149). SpCas9 has been used for both in vitro and in

vivo applications. In addition, many sequence changes have been explored to increase the

58



Introduction

specificity and the efficiency of targeting, such as introducing nicks instead of generating DSBs,
and the fusion of crRNA and tracRNA to form a single guide RNA (sgRNA).

The PAM sequence needed by SpCas9 to generate a DSB is NGG, which has to be located after the
3’ end of the gRNA-targeted region. The main problem of SpCas9 is its large size (4.1Kb), which
has hampered its cloning and expression in AAV vectors. Recently Cas9 from Staphylococcus
aureus (SaCas9) was discovered. SaCas9 has a comparable efficiency to that of SpCas9 and the

advantage of a smaller size, which allowed its cloning into recombinant AAV genomes (157).

e Invivo applications of a CRISPR/Cas9 system directed to the liver

The liver is an ideal organ for the experimental application of CRISPR/Cas9-based therapies
because of the following reasons: the targeting and the expression of the Cas9 nuclease and the
gRNA can be done using viral gene delivery vectors; also, many preclinical models of monogenic
liver diseases are available and well characterized. Thus, AAV vectors would be the perfect
delivery platform to perform in vivo proof-of-concept studies with the objective of exploring the
efficacy of CRISPR/Cas9 system to treat certain disease. However, since SpCas9 was employed in
the first works, it was administered using adenoviral vectors or hydrodynamic injection of plasmids

into the tail-vein due to its size.

Initially, NHEJ-based gene disruption and knocking out was tested in genes such as Cebpa, Pten
and Psck9 (158-160). Overall, the generation of indels was observed in a high percentage of the
targeted genomic region in hepatocytes, as well as the reduction of the targeted protein levels and
the effects of this reduction (steatosis in the liver of the mice with Pten inhibition and alterations in
cholesterol metabolism in animals with Psck9 inhibition). Adenoviruses were used as carries of the
CRISPR/Cas9 system in all this studies. Interestingly, the adenoviral recombinant genome and Cas9
expression were almost lost by day 90 after vector administration, while the genomic modification

was maintained, even after a partial hepatectomy (158).

The efficiency of gene disruption and long-term KO generation using CRISPR/Cas9 system was
high in these studies and it was also used as SRT for hereditary Tyrosinaemia type |1 (HT1) (161). In
HT1 fumarylacetatoacetate hydrolase, or FAH, is mutated. It is an enzyme implicated in the
tyrosine metabolism. The substrate of FAH, fumarylacetoacetate (FAA), and its precursor
maleylacetoacetate (MAA) are accumulated in the hepatocytes of patients causing hepatotoxicity.
Overturf et al. transplanted WT hepatocytes into the Fah” mouse model and they observed the
repopulation of the liver with the transplanted hepatocytes (162). This means that the hepatocytes

expressing a functional FAH enzyme have a selective advantage over the uncorrected hepatocytes,
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which facilitates the treatment by gene therapy and potentially gene editing. NTBC (2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3cyclohexanedione) is the drug used for the treatment of HT1, because it
blocks the enzyme hydroxyphenylpyruvate dioxigenase (HPD), which is located upstream of the
mutated FAH enzyme in the tyrosine metabolism pathway. The inhibition of HPD allows reducing
the hepatotoxic metabolite that is accumulated in HT1. Pankowicz et al. knocked out the Hpd gene
in the Fah” mouse model using hydrodynamic injection of a plasmid encoding SpCas9 and the
specific gRNAs to delete an exon of the Hpd gene (161). The selective advantage of the corrected
hepatocytes in HT1 gave rise to the almost complete repopulation of the liver with the engineered

cells.

To date, less experience has been acquired with the knock in (KI) strategy mediated by the HDR
mechanism. Yin et al. corrected the point mutation in the Fah locus in the Fah”™ mouse model
applying hydrodynamic injection of a plasmid expressing SpCas9 and the gRNA directed to the
region where the point mutation is located, together with an sSDNA oligo as donor template with
the correct sequence of the gene (163). The elimination of NTBC triggered the expansion of the
corrected cells, which repopulated the liver, and the correction of the disease phenotype. A similar
study was subsequently published by the same group, in which the delivery method was different:
the mRNA of SpCas9 was formulated in lipid nanoparticles and delivered intravenously together
with an AAV8 containing the donor DNA and expressing the gRNA (164).

In April 2015, Ran et al. published the discovery and characterization of SaCas9 (3.1Kb), which is
smaller than SpCas9. It was cloned into an AAV vector and tested in vivo targeting the Pcsk9 gene
(157). In the case of SaCas9, the PAM is NNGRRT and is located 5’ of the gRNA-targeted
sequence. However, this sequence is less abundant in the genome and thus may generate restrictions
for some targets. Nevertheless, the Pcsk9 KO efficacy was similar to that observed using the
SpCas9.

The discovery of SaCas9 gave rise to other HDR-based strategies. An example is the work
published by Yang et al., where they used a dual AAV vector strategy to treat a urea cycle disorder
caused by ornithine transcarbamylase (OTC) deficiency (165). They corrected the point mutation

" mouse model for this disorder. One of the AAVs

that is present in the Oct locus in the sp
expressed SaCas9 while the other carried the donor template with the correct sequence and also
expressed the gRNA targeting the region of the mutation. Interestingly, this approach was applied in
newborn as well as in adult mice and the maximum HDR observed was 20.1% and 2.1%
respectively. This data confirmed that newborns are more prone to HDR than adults, in which

NHEJ was more prevalent. Another important fact reported in this publication is that when the
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AAYV vector expressing SaCas9 was administered to newborns, it was diluted with time and led to

undetectable SaCas9 expression by 8 weeks after the treatment.

The main concern about gene editing is the possible off-target DSB generation in sequences that are
similar to the target sequence. Some considerations have to be given to this issue in order to
eliminate its negative consequences: such as finding equilibrium between the efficacy and predicted
off-targeting effect of the gRNA. Furthermore, the Cas9 can be sequence modified in order to be
less prone to off-target modifications. This is the strategy used by Ran et al., who modified SpCas9
to generate nicks in the DNA instead of DSB and used two gRNASs to generate the DSB in the
specific DNA sequence (157). Despite the development of strategies to reduce the probability of
off-targeting effects, its analysis and characterization remains essential. Many methods have been
developed to address this problem (166) but the most conservative approach would be the whole

genome sequencing analysis in order to detect every possible off-targets.

In conclusion, it has been demonstrated that the in vivo applications of CRISPR/Cas9-based
therapies for liver are feasible and efficient. However, the therapeutic strategy has to be carefully
chosen for each disease, and there may be many monogenic diseases that cannot be cured using

these approaches.
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Hypothesis and objectives

2.1  Hypothesis

Since PH1 is a genetic disease that can be cured by liver transplantation, gene therapy or gene
editing strategies targeting the liver might offer promising therapeutic strategies for patients

suffering this devastating disease.

Gene therapy has been successfully used for the treatment of PH1 in mice, but as explained, a high
percentage of hepatocytes needs to be corrected to decrease oxalate production and to achieve
therapeutic efficacy. Therefore, this approach requires optimization. Moreover, an important part of
the preclinical development of gene therapy for PH1 is the analysis of efficacy and toxicity in
relevant animal models, such as NHP. Thus, new PH1 models should be stablished for this purpose.
Furthermore, SRT by inhibiting GO using siRNAs has been described to provide beneficial effects
in a PH1 preclinical model. We hypothesize that CRISPR/Cas9-based long-term GO inhibition may

improve SRT therapy and may serve as lifelong treatment for these patients (Figure 15).
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Figure 15. Therapeutic strategy to treat PH1 with CRISPR/Cas9-based SRT. Scheme of glyoxylate
pathway indicating the cause of PH1 (in red) and the strategy based on the inhibition of GO using the
CRISPR/Cas9 system (in green) to reduce oxalate levels. GRHPR=glycolate reductase/hydroxyproline
reductase. GO=glycolate oxidase. LDH=lactate dehydrogenase. AGT=alanine-glyoxylate aminotransferase.

PH1=primary hyperoxaluria type I.
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2.2  Objectives

Since PHL1 is a fatal disease lacking proper therapeutic alternatives, the main goal of this work is to
contribute to the development of new therapies. Our approaches include the improvement of AAV-
mediated gene therapy strategies and the evaluation of CRISPR/Cas9-mediated in vivo gene editing
as an SRT strategy for PH1.

Specific goals:

1. Optimization of AAV-mediated gene therapy for PH1.
a. Generation of new in vivo diet-induced hyperoxaluria models in WT mice and non-
human primates (NHP).
b. Improvement of the AGXT expression cassette by codon optimization of human
AGXT cDNA.
c. Increasing of AAV-mediated liver transduction efficiency by using liver directed
administration routes.
2. Evaluation of CRISPR/Cas9-mediated SRTs for PH1
a. Design and characterization of CRISPR/Cas9 systems targeting GO.
b. Evaluation of therapeutic effect and safety of newly designed CRISPR/Cas9

systems.
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3.1

Materials and methods

Primers for cloning, qualitative and quantitative PCR

The names, sequences and applications of all the primers used in this thesis are shown in Table 2.

Table 2. Description of the primers used: name and sequence of each primer are shown, and the

method for which they were used.

mHaol gRNA 2 Fw

Primer name Sequence Application
mHaol gRNA1Fw | 5 CACCGTCCGTGGATAGAGCTTCCATC 3
mHaol gRNA1Rv [ 5 AAACGATGGAAGCTCTATCCACGGAC3 .
gRNA cloning

5' CACCGTCAACTTCTGTTTTAGGACA 3

mHaol gRNA 2 Rv

5' AAACTGTCCTAAAACAGAAGTTGAC3

U6 promoter

5 ACTATCATATGCTTACCGTAAC 3

Sequencing of gRNA

mHaol.intl.F2

5' CCAAAGCCTATAAGGGGATG 3

PCR of exon 2 of Haol gene for

mHaol.int2.R1

5 CATCCTAGGAAGGGTGTTCG 3

SURVEYOR and sequencing

mHaol.intl.F1

5 CACCATGTCAGGCTCAGAAGGC 3

mHaol.ex2.R1

5 GTCCACGTGAGCCATGCACTG 3

Primers to sequence exon 2

SaCas9 Fw 5 AAGCCATCCCTCTGGAAGAT 3 Vector titration, quantification of viral genome
Sa Cas9 Rv 5 TGCCCTTCTTGCTGTTTTCT 3' copies and SaCas9 mRNA expression
mGAPDH Fw 5 TGCACCACCAACTGCTTAZ
MGAPDH Rv 5 GGATGCAGGGATGATGTTC 3

m-B-actin gDNA Fw

5 GACACTGGCACAGCCAACTTT 3

m-B-actin gDNA Rv

5 GTGTCTACACCGCGGGAATG 3

m-f-actin cDNA Fw

5' ACGGCCAGGTCATCACTATTG 3

m-B-actin cDNA Rv

5' CAAGAAGGAAGGCTGGAAAAGA 3

COAQXt Fw 5' TACACTGGACAGACAGGGCAT 3
COAgXt Rv 5 CCTT GTCGCTGAAGCTGAT 3
WEAQgXt Fw 5 GCATCGACATCCTGTACTCG3
WtAgxt Rv 5' CTGAAGGAGATGAGCGAGGT 3
mHaol Fw 5" ACCCCTTTTCCTTCATTGCT 3'
mHaol Rv 5' TTGCCCAAACACATTTTCAAST
hGAPDH Fw 5' GGTCGGAGTCAACGGATTT 3
hGAPDH Rv 5 CCAGCATCGCCCACTTGAZ
hSEAP Fw 5 CCTGTTTGCTCCTCCGAT 3
hSEAP Rv 5 GGGTTCTCCTCCTCAACT 3

gPCR

3.2 Antibodies

All antibodies and their characteristics are listed in Table 3.
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Table 3. Description of the antibodies used for WB and IHC.

Target Origin Type Label Method Supplier Cat# Dilution
a-GO Rabbit Polyclonal N/A WB Self 1:2,500
o-GAPDH Mouse Monoclonal N/A WB Sigma-Aldrich G8795 1:5,000
a-AGT Rabbit Monoclonal N/A WB Abcam ab178699 1:2,000
a-mouse IgG  Sheep Polyclonal HRP WB GE-Healthcare  NA931V 15,000
a-rabbit IgG  Sheep Polyclonal HRP WB GE-Healthcare NA934V 1:2,500

3.3 Animal models: Manipulation and procedures

3.3.1 Non-human primates (NHP)

Eight young-adult male cynomolgus monkeys (Macaca fascicularis) obtained from R.C. Hartelust
(Tilburg, Holland) were used to test new routes of administration of AAV vectors. All animals
weighed between 4 and 6 kg at the start of the experiment and were housed in standard facilities
with controlled temperature and humidity, 12-hour light cycles, and with ad libitum access to water
and food. The animals were tested for neutralizing antibodies against AAVS5 virus before receiving
the vector. All experiments were performed in compliance with the regulations of the ethics
committee for animal experimentation of the University of Navarra and were approved by the

Government of Navarra (protocol number 167-14).

Vector administration: Two new routes of administration were used and compared to the
intravenous (V) administration route. The monkeys were divided into three groups, each receiving
a dose of 3x10" viral genomes per kilogram (vg/kg) of the vector AAV5-AAT-SEAP (see “AAV
vectors” section) using different routes. The first group (n=2) received the vector intravenously (IV
group) in the saphenous vein diluted in a volume of 4 mL/kg. The other two groups received the
vector through the suprahepatic veins (SHV group) and the hepatic artery (HA group) respectively,

in a total volume of 20 mL.

Extraction of samples: The first days after vector administration heparinized blood samples were
collected in order to analyze acute hematological toxicity. Furthermore, serum samples were
obtained during the experiment (basal and days 1, 3, 7, 14, 21, 28 and then every two weeks until
the end of the experiment) for the analysis of biochemical serum parameters, viral shedding and
transgene expression. All blood samples were extracted by inguinal vein puncture and aspiration.
Nasal secretion, saliva, urine and feces samples were also collected (as before up to week 6) in
order to analyze viral shedding in different body fluids. The secretions were collected with a sterile

cotton-tipped swab and diluted in water to be processed as described below.
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L-hydroxyproline inductions: An amount of L-hydroxyproline (HP, Applichem A3742) equivalent
to 1% of the weight of the animal was mixed with yogurt and was administrated orally to the

animals. Each animal received 1 dose per day during 3 days.

Euthanasia and necropsy: Animals were sacrificed by an injection of the drug T61 (Intervet).
Animals were anesthetized prior to being sacrificed (Imalgene 1000, Ketamine 100 mg/kg). During
the necropsy, frozen and 4% paraformaldehyde (PFA) fixed samples from different organs were
obtained. The liver of each animal was dissected and samples of 8 regions were taken. Depending
on its size, each region was further subdivided into 1-5 subregions in order to obtain 30 samples per
animal for the analysis of the spatial distribution of vector genomes within the liver. Other organs
were also collected for vector biodistribution studies. All tissue samples were frozen immediately

and stored in liquid nitrogen until further processing.

3.3.2 Mice

Two animal strains were used: a PH1 mouse model (C57BL/6.Agxt™""

) obtained from Dr.
Salido’s laboratory (University of La Laguna, Tenerife, Spain) and WT C57B6/J animals purchase
from Jackson Laboratories. The mice were maintained in specific pathogen free condition and with
ad libitum access to food and water, with 12-hour light cycles. All the experimental procedures

were approved by the Ethical Committee for Animal Testing of University of Navarra.

Vector administration: The animals received the vectors intravenously diluted in Dulbecco’s
phosphate buffer saline or PBS (Thermo Fisher Scientific) in a final volume of 150 pL/mouse under
general anesthesia (Imalgene 500, Ketamine mixed with Rompun 2% Bayer). The dose of the

vector differed between studies.

Extraction and processing of samples: Blood samples were obtained before the euthanasia from
the suborbital venous plexus. Serum was obtained by allowing the blood to clot for at least 20 min
at room temperature (RT) incubation, followed by centrifugation for 15 minutes at 3,000 rpm. The
serum was stored at -20°C until its analysis. Metabolic cages (Tekniplast) were employed for 24-
hour urine collection. The urines were collected in 50 pL of 5N HCI for their acidification and
oxalate conservation. Both, urine volume and water intake were monitored while the animals were

inside the metabolic cages.

L-hydroxyproline administration: For L-hydroxyproline (HP, Applichem A3742) diet preparation

powdered mouse-food was mixed with a solution of HP in drinking water. Food with different HP
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percentages was prepared by weight relationship. Before the administration the food was irradiated

for sterilization. The food was changed every day during the challenge.

Ethylene-glycol challenge: The ethylene-glycol (EG) (Sigma Aldrich, # 324558) gavage was
performed by oral administration using an oral cannula. Each mouse received 15.5 mg of EG
diluted in sterile water. For a longer induction, animals received EG diluted in drinking water (0.5%

EG in water) and the challenge lasted for 7 days.

Euthanasia and necropsy: All the animals were sacrificed by cervical dislocation under general
anesthesia. During the necropsy liver, spleen, Kidneys, lungs, heart and brain were extracted from
the animals. All the samples were frozen in liquid nitrogen. Liver and kidney samples were also

fixed in 4% PFA for histological examination.

3.4 gRNA design and cloning

Benchling software was used to design the guide RNAs (JRNA) targeting the exonic sequences of
mouse Haol gene (www.benchling.com). The target sequences consisted of 21-nt followed by 5’-
NNGRRT-3" PAM sequence, which is required for Staphylococcus aureus Cas9 (SaCas9) to
generate a DSBs. Two gRNAs were selected based on their predicted on-target and off-target score,

targeting the exon 2 of the gene (Table 4).

Table 4. Characteristics of the gRNAs designed using Benchling software.

Name Haol-g1 Haol-g2
Taget gene Mouse Haol gene
Region Exon 2
DSB position 6075 6139
Direction Antisense Sense
Sequence 5' TCCGTGGATAGAGCTTCCATC3' 5' GTCAACTTCTGTTTTAGGACA 3'
On-target score 51.8* 45.1*
Off-target score 87.8** 65.5%*

* Score calculated using the algorithm published by Doench et al. (187).
** Algorithm published by Hsu et al. (188).

They were cloned in pX602-AAV-TBG::NLS-SaCas9-NLS-HA-OLLAS-bGHpA;U6::Bsal-sgRNA
plasmid (Addgene plasmid # 61593) (Figure 16) (157). The cloning was performed following the
manufacturer’s instructions. Briefly, two oligonucleotides were designed for each gRNA (Table 2),

which were complementary except for the 5’ extreme that was designed to overhang when the

oligonucleotides were hybridized together. The vector was digested using Bsal enzyme, which
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generated overhanging ends that were compatible with the ends left after the hybridization of the
gRNA. The plasmid contained the SaCas9 gene expressed under the thyroxine-binding globulin
(TBG) promoter, tagged with HA and OLLAS tags and flanked by nuclear localization signals
(NLS). In addition, the plasmid had a U6 promoter for the sgRNA expression (QRNA and the
tracrRNA fusion) and a cloning site where gRNAs were cloned using Bsal restriction enzyme. The
expression cassette was flanked by the inverted terminal repeats (ITRs) that are necessary for the
packaging of the DNA in AAV capsids.

Three vectors were generated for gRNA expression: one containing no gRNA as control of SaCas9
expression effect in absence of a guide (pAAV-SaCas9), and the other two expressed the two
gRNAs (pAAV-SaCas9-Haol-gl and pAAV-SaCas9-Haol-g2).

OLLAS gRNA

ITR ITR

S.aureus Cas9

Figure 16. Cassette of the plasmid used for gRNA cloning. ITR: inverted terminal repeats. TBG:
thyroxine-globulin binding promoter. NLS: nuclear localization signal. S.aureus Cas9: Staphylococcus aureus
Cas9. BGH pA: Bovine growth hormone polyadenilation sequence. sgRNA: single guide RNA. U6: U6

promoter.
3.5 AAV vectors

Serotype 5 recombinant AAV (AAV5) vectors were used in the NHP study. The expression cassette
of the AAV5 contained the coding sequence of the human secreted embryonic alkaline phosphatase
(SEAP) gene under the control of the liver-specific promoter of the human al-antitrypsin (AAT)
gene (AAV5-AAT-SEAP). SEAP is a secreted protein, which is normally only expressed in
embryos. Hence it can be used as a reporter protein and its expression can be measured in serum

samples.

ITR ITR
EAIb AAT COAGXT/WT AGXT [ ]
BGH pA

Figure 17. Recombinant AAV genome used for codon optimization studies. The construct contained AAT
promoter with the albumin enhancer (EAIb), codon optimized or WT AGXT cDNA and the polyadenylation
signal of the bovine growth hormone (BGH pA). The cassette was flanked by the ITRs of the AAV.
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Different AAV serotypes were used for the studies in mice: for PH1 gene therapy serotype 5 AAV
vectors were generated, while recombinant serotype 8 AAV (AAVS) vectors were produced for the
gene editing approach. The AAV5 vectors carried constructs that expressed different versions of the
AGXT gene (the human WT AGXT or the human codon optimized AGXT — coAGXT - sequence)
under the control of a hepatospecific (AAT) promoter (Figure 17).

For the gene editing approach different construct were made as explained in the “gRNA design and

cloning” section. These sequences were packaged in AAV8 capsids.
3.6 Generation of AAV particles

3.6.1 AAV production

HEK293T cells were used as packaging cells. The constructs containing the recombinant AAV
genomes were transfected together with the helper plasmid pDP8.ape (Plasmid Factory, # PF478)
that provides the genes required for the replication and encapsidation. The transfection was carried
out using poly-ethylene imine (PEI, Sigma-Aldrich, # 408727). Cells were incubated for 72 hours
and during this time the viral particles were assembled inside the packaging cells. Cells were
collected in lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM MgCl,, 0.1% Triton X-100) and
various freeze-thaw cycles were performed to release the viral particles. Cell debris was eliminated
by centrifugation. The supernatant of the cells was collected and incubated in 8% poly-ethylene
glycol (PEG-8000, Sigma-Aldrich, # P5416) for 48-72 hours to precipitate the particles. The
supernatant was centrifuged and the pellet resuspended in lysis buffer. Cell lysate and precipitated
supernantant were mixed and treated with 0.1mg/plate of DNasel (Roche, # 10104159001) and
RNaseA (Roche, # 10109169001) for 1 hour at 37°C.

3.6.2 AAV purification

The viral particles were purified by ultracentrifugation in iodioxanol (OPTIPREP, Atom, # 415468)
gradient. Different iodioxanol concentrations were prepared and added to an ultracentrifuge tube
(Beckman, # 344326) as shown in Figure 18. Some of the solutions contained phenol red to
facilitate the localization of the vector band. After sealing, the tubes were centrifuged at 69,000 rpm
for 2.5 hours at 16°C. The viral particles were packed in the 40% iodioxanol solution (between the
two red solutions). An 18-19G gauge needle was employed to collect the virus, which was purified
and concentrated using Amicon 100K columns (MERK Millipore, # UFC910008).
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Virus in Lysis

Buffer
69,000 rpm
15% lodioxanol 2.5h 16°C
_—>
25% lodioxanol
40% lodioxanol Viral particles

57% lodioxanol

Figure 18. lodioxanol gradient used for the purification of complete AAV particles. The grey bands

indicate the solutions to which phenol red was added to facilitate the visualization of the band.
3.6.3 AAV titration

The titer of the vector was calculated by qPCR. Viral DNA was extracted using the High Pure Viral
DNA Kit (Roche, # 11858874001) following the manufacturer’s instructions. g°PCR with sequence
specific primers was performed and titers were calculated using a standard curve of the plasmid

employed for the production.
3.7  Tissue processing

3.7.1 Isolation of genomic DNA

Total DNA was extracted from frozen tissues with the NucleoSpin® Tissue kit (Macherey-Nagel)
following the manufacturer’s instructions. Nanodrop 1000 machine (Thermo Fisher Scientific) was

used to quantify the total DNA amount obtained from tissues.
3.7.2 lsolation of total RNA and retrotranscription

Total RNA was obtained using TRI Reagent® (Sigma-Aldrich, # A15T9424) following the protocol
of the manufacturer. Subsequently, after quantification, 1 pg of RNA was treated with TURBO
DNA-free kit (Thermo Fisher Scientific) to eliminate the contaminant DNA. Then, the RNA was
retrotranscribed using a mix containing RNase OUT recombinant ribonuclease inhibitor
(Invitrogen, # 10777019), M-MLYV reverse transcriptase and its buffer (Invitrogen, # 28025013),
dNTP mix (Applied Biosystems) and random primers (Thermo Fisher Scientific). The reaction

consisted of 1 hour incubation at 37°C followed by 1 minute at 95°C to inactivate the enzymes.
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3.7.3 Isolation of total protein and quantification

RIPA Buffer (0.75M NaCl, 5% of Tris 1M pH 8, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate diluted in water) was supplemented before each use with 1 mM sodium
orthovanadate, 1 mM PMSF, 1 mM sodium pyrophosphate and protease inhibitor cocktail. Tissue
pieces were homogenized in RIPA buffer by mechanical disruption and ultracentrifuged at 45,000
rpm for 30 minutes at 4°C. The protein concentration of the supernatant was calculated using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

3.8 Measurement of biochemistry parameters in serum

Biochemical serum profiles were analyzed both in NHP and in mice. In NHP primate alanine-
aminotransferase (ALT), aspartate-aminotransferase (AST), gamma-glutamyl transferase (GGT),
alkaline phosphatase (ALP), bilirubin, total serum proteins, urea and creatinine were measured after
vector administration up to day 7. Reference values used to determine alterations in these
parameters are shown in Table 5. At further serum extraction points, ALT and AST were measured
to monitor liver damage and ALP to monitor transgene expression. All measurements were carried

out in an autoanalyzer (COBAS, Roche).

Table 5. Summary of biochemical parameters measured in NHP, the abbreviation used, units and the

normal reference range.

Parameter Abbreviation Units Normal range

Albumin Alb g/dL 3.8-4.8
Total proteins TP g/dL 6.4-8.6
Bilirubin Bil mg/dL 0.2-0.4
Urea Urea mg/dL 8.8-37.4
Creatinine Crea mg/dL 0.5-1.1
Gamma-glutamyl tranferase GGT u/L 92.6-155-8
Alanine aminotrasferase ALT u/L 0-138
Aspartate aminotrasferase AST u/L 9.0-68.0

In mice, hepatic function was evaluated in the serum of treated animals extracted on the day of the
sacrifice. ALT and bilirubin were measured for this purpose. Serum urea and creatinine were also
measured to explore kidney function after EG challenge. Creatinine levels were calculated in all
urines to normalize oxalate concentration. All measurements were carried out in a COBAS machine
with serums diluted 1:5 and urines diluted 1:10 in PBS.
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3.9 Hematological profile

The hematological parameters were measured in heparinized blood using the Hemavet 1700 (Drew

Scientific) machine. Table 6 shows the ranges considered normal for each parameter.

Table 6. Summary of hematological parameters measured in NHP, the abbreviation used, units and the

normal reference range.

Parameter Abbreviation  Units Normal range
White blood cells WBC K/uL 8.1-21.3
Neutrophils NE# K/uL 1.3-8.1
Lymphocytes LY# K/uL 3.5-8.3
Monocytes MO# K/uL 0.2-0.8
Eosinophils EO# K/uL 0.02-0.5
Basophils BA# K/uL 0-0.1
Red blood cells RBC M/uL 3.9-7.1
Hemoglobin HB g/dL 11.6-14.5
Hematocrit HCT % 38-48
Mean corpuscular volume MCV fL 56-69
Mean corpuscular hemoglobin MCH Pg 17.5-21.1
Mean corpuscular hemoglobin concentration MCHC g/dL 29.1-31.1
Red cell distribution width RDW % 12.8-14.6
Platelets PLT K/uL 300-512
Mean platelet volume MPV fL NA

3.10 Assessment of total and neutralizing antibodies against AAV5

Levels of anti-AAVS5 total antibodies in monkey serum were measured by an anti-AAV5 specific
ELISA. 96-well flat-bottom plates (MaxiSorpR, Thermo Fisher Scientific) were coated with 100 ng
of AAVS capsids. Serial dilutions of monkey sera in PBS-Tween 20 (Sigma-Aldrich, P3563) were
incubated with capsid in order to establish the antibody titer. As negative control PBS-Tween 20
was used. Subsequently, specific antibodies were detected with Protein A bound to horseradish
peroxidase or HRP (Sigma-Aldrich). TMB reagent (BD, # 555214) was used to develop the ELISA.
The titer was established as the lowest dilution resulting in an absorbance value higher than 5-times
the absorbance corresponding to the negative control.

To detect neutralizing antibody (Nab) levels HEK293T cells were seeded in black 96-well culture
plates (Costar) at a density of 5x10* cells/well in 100 ul DMEM with 10% FBS and antibiotics (1%
penicillin/streptomycin, Gibco). Cells were incubated overnight at 37°C. The day after, the

following mix was prepared: an AAV5 expressing firefly luciferase under a cytomegalovirus
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promoter (AAV5-CMV-luc) incubated with heat-inactivated serum sample at a total volume of 100
ul of DMEM 2% FBS supplemented with antibiotics. The multiplicity of infection (MOI) was
1x10* viral genome copies per cell. Serial dilutions of each serum sample were prepared in
duplicate. The mix was kept for 2 hours at 37°C before being added to cells. Medium of the
HEK293T cells was removed by aspiration, the mix was added to the cells and the plate incubated
for 20 hours at 37°C. As a positive control, cells without any plasma addition were analyzed, while
as a negative control not infected cells were used. The cells were washed with PBS and a PBS
solution containing luciferine was added to the cells. Light emission from each well was captured
using a PhotonIMAGER™™ (Biospace LAB, France) and quantified in photons/cm®/seg by drawing
96 squares grid over the plate. The anti-AAV NADb titer (EC50) was calculated with the use of
LabKey Software. Plasma samples were considered to have neutralizing activity if the lowest

plasma dilution inhibited vector transduction by at least 50%, as described before.
3.11 IFN-y ELISPOT assay

These analyses were carried out in Dr. Mingozzi’s laboratory (GENETHON, Evry, France). The
cellular immune response in peripheral blood mononuclear cell (PBMC) samples was analyzed
using monkey IFN-y ELISpot PLUS kits (Mabtech), according to the manufacturer’s instructions.
PBMC samples were thawed during 10 minutes at 37°C and placed in serum-free AIM V® medium
(Life technologies). Benzonase nuclease was added to avoid cell aggregation before centrifuging at
300 rpm during 10 minutes. Cells were counted and 2x10° cells per well were plated in commercial
anti-IFN-y antibody pre-coated plates over different stimuli. As negative control serum-free
medium was used. As positive controls Concanavalin-A and anti-monkeyCD3 antibody were
added. As specific stimulus an AAV5 peptide library was created, which consisted of 15-mers
overlapping by 10 amino acids and covering the whole capsid protein sequence. The library was
arranged in two different pools and added to the cells at a final concentration of 2 pg/peptide/well.
Cells were incubated ON at 37°C, with ambient O, and 5% CO,. On the second day, the cells were
removed and wells washed 4 times with 200pL of PBS. Biotin-conjugated secondary antibody (10
pg/mL) was diluted 1:1000 in PBS-1% BSA and added to each well. It was incubated for 2 hours at
RT. After washing with PBS, 10 ng/mL of Streptavidin-ALP diluted in PBS-1% BSA was added to
the wells and incubated for 1 hour at RT. The substrate was added to wash wells and incubated for
10-20 minutes at RT. The reaction was stopped using tap water, the plate washed and dried ON.

The spots were quantified using a CTL analyzer.
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3.12 Viral shedding

Body fluids (urine, feces, nasal secretion and saliva) were collected on days 0, 1, 3, 7, 14, 21, 28
and 42 for the analysis of the elimination of the virus. The secretions were collected with a swab
and diluted in water. Total DNA was extracted with the NucleoSpin® Tissue kit (Macherey-Nagel)
and quantitative PCR (qPCR) was performed using specific primers for SEAP gene (Table 2).

3.13 Measurement of SEAP activity in serum samples

SEAP activity was determined using the SEAP Reporter Gene Assay kit (Sigma-Aldrich, #
11779842001) according to the manufacturer’s protocol. In short, serum samples containing SEAP
were heated at 65°C for 30 minutes in order to eliminate the endogenous alkaline phosphatase
activity. A chemoluminescence substrate (CSPD) was added and dephosphorylated by placental
alkaline phosphatase activity. Chemoluminescence was measured and related to a standard curve

provided by the manufacturer.
3.14 Determination of indel generation in targeted DNA sequence

3.14.1 Surveyor assay

Surveyor assay kit (IDT Technologies 706020) was used for the analysis of indel generation after
CRISPR/Cas9 treatment. Total genomis DNA was extracted and the targeted site was amplified
using the Platinum tag (Thermo Fisher Scientific 11304011) enzyme and the primers named
mHaol.intl.F2 and mHaol.int2.R1 (Table 2). The following PCR protocol was applied: 1 cycle of
2 minutes at 94°C and 30 cycles of 15 seconds at 94°C, 15 seconds at 58°C and 45 seconds at 68°C.
The PCR protocol was followed by one cycle of heating and a constant temperature decrease (as
specified in the manufacture’s protocol) in order to rehybridize the PCR product. During the
rehybridization heteroduplexes were formed between unmodified WT sequences and indel-
containing modified sequences. Rehybridized samples were treated with Surveyor nuclease, which
had endonuclease activity in the mismatches. Finally, the products were separated by

electrophoresis in a 2% agarose gel and the band profile was analyzed (Figure 19).
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Indel SURVEYOR

o nuclease
Rehybridize digestion
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Figure 19. Principle of Surveyor assay (149).

3.14.2 TIDE analysis

The TIDE online tool (https://tide-calculator.nki.nl/) was used for the estimation of indel percentage
in the targeted site (168). The same PCR as for the Surveyor assay was performed but without
rehybridizing the PCR fragment. Instead, it was purified using the NucleoSpin® Gel and PCR
Clean-up kit (Macherey-Nagel). The purified product was sequenced using nested primers
(mHaol.int1.F1 and mHaol.ex2.R1, Table 2) and the resulting chromatograms were analyzed. The
TIDE online tool compared the chromatograms of unmodified WT control sequences and the
chromatogram of indel-containing modified sequences in the specific DSB site for a specific gRNA.

Finally, an estimation of indel percentage in that specific chromatogram was obtained.
3.14.3 Next generation sequencing (NGS)

To further analyze off-target sites, the most likely off-target sites for each selected gRNA were
determined using Benchling software (www.benchling.com) (Table 4). A total of 7 off-target
candidates were selected for each gRNA. Primers spanning on-target and off-target sites for each
gRNA were used to amplify relevant sequences by nested PCR. Briefly, 50 ng of genomic DNA
was first amplified using specific primers using a KAPA HiFi HotStart ReadyMix PCR Kit (Kapa
Biosystems) and purified using the Agencourt AMPure XP system (Beckman Coulter). Then, for
each gRNA, equal amounts of purified amplicons from the same sample were mixed. Nested PCR
was performed using 10 ng of PCR mix and universal primers with specific barcodes for each
sample were used to generate lllumina amplicons. PCR products were purified as described above.
A final library was generated by mixing equal amounts of the second PCR products and sequenced
on Illumina MiSeq (2 x 250 bp paired end) at >10,000 x coverage at amplified regions. Data were
processed according to standard Illumina sequencing analysis procedures. Processed reads were

aligned to the reference (mm10) using bowtie2. Reads that did not map to the reference were
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discarded. Insertions and/or deletions were determined by comparison of reads against the reference
using the CrispRVariants R-based toolkit (167).

3.15 Western blot

After liver protein extraction and quantification (described in section 3.7.3), 20 ug of each extract
were mixed with a loading buffer (containing 30% glycerol, SDS and DTT) and boiled for 5
minutes. The samples were loaded on 15% polyacrylamide gels and electrophoresis was used for
protein separation by size. Subsequently, proteins were transferred to a nitrocellulose membrane
(BioRad 162-0112). Membranes were stained using Ponceau Red dye to check the transference.
After washing the dye with water, membranes were blocked using a Blocking Solution
(ThermoFisher Scientific, # 37536) during 1 hour at RT on a shaker. Primary antibody (Table 3)
diluted in blocking solution at the appropriate dilution was added and incubated ON while shaking
at 4°C. The membrane was washed 3 times using Tris-buffer saline (TBS)-Tween 20 0.05% for 10
minutes each wash. HRP-conjugated secondary antibody was added at the corresponding dilution in
blocking solution and membranes were incubated 1 hour at RT on a shaker. After 4 washes of 10
minutes in TBS-Tween 20 0.05%, the peroxidase signal was developed using SuperSignal West
Femto Maximum Sensitivity Substrate (ThermoFisher Scientific, # 34095) and Odyssey Fc (LI-
COR) imaging system for image generation.

3.16 Oxalate measurement

Oxalate levels were measured using an oxalate kit (Trinity Biotech, # 591-D) according to
manufacturer’s instructions. Briefly, the urines were mixed 1:1 with 8% activated charcoal diluted
in the assay diluent, and treated for at least 10 minutes at RT, shaking occasionally. The activated
charcoal eliminated the compounds of the urine that interfered with the reaction. After
centrifugation the supernatant was transferred to a new tube, and 5 pL of the samples or standards
(Oxalate Standard 0.5 mM, Trinity Biotech, # 591-3) were mixed with 100 pL of reagent A and 10
pL of reagent B. The oxalate contained in the samples was metabolized by oxalate oxidase
producing H,O,, which was used by the peroxidase in a redox reaction in which a chromogen is
oxidized to a colored compound. The absorbance was measured at 595 nm and the oxalate
concentration was calculated comparing absorbance with the standard curve. Oxalate pg per 24

hour was calculated using the oxalate concentration and the urine volume.
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3.17 Glycolate measurement

This procedure was performed in Dr. Salido’s laboratory at the University of La Laguna, Tenerife
(Spain). Glycolate concentration in charcoal-treated urine samples was measured in a colorimetric
assay using recombinant GO enzyme in 50 mM potassium phosphate buffer pH 7, coupled with
HRP in the presence of sulfonated-DCIP and 4-aminoantipyrine (Sigma Aldrich) as chromogens,

and measuring the absorbance relative to a glycolate standard curve 515 nm (168).
3.18 Immunostaining

Liver samples were fixed in 4% paraformaldehyde (PFA) for 24-48 hours. After the dehydration of
the tissue by the incubation in increasing alcohol concentrations, the samples were embedded in
paraffin blocks. The analysis of GO expression by immunohistochemistry (IHQ) was carried out in
Dr. Salido’s laboratory at the University of La Laguna, Tenerife (Spain) using Benchmark ultra
(Ventana) equipment and reagents. Antigen retrieval was performed at 95°C in high pH buffer
(CC1, Ventana) for 24 min., and followed by incubation with anti-GO rabbit serum diluted 1:500
during 28 min at 37°C. Next, a polymeric HRP-conjugated anti-rabbit 1gG secondary antibody
(Ventana) was used and a chromogenic signal was developed with DAB and copper enhancement
(Ventana).

3.19 Statistical analysis

All results are represented as mean * standard error of the mean (SEM). Sample sizes are noted in
figure legends. All animals with successful intravenous injection were included in the study analysis
and those animals with unsuccessful injection were excluded. Graphs and statistical analyses were
performed using GraphPad Prism 5.0. Mann Whitney test was the test of choice to compare two
groups. Kruskal Wallis test with Dunn’s post-test was used to analyze differences between more
than two groups. The Friendman test with Signs post-test was used for comparison between
different administration groups at different times. p values smaller than 0.05 were considered

significant.
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Results

4.1  Generation of a hyperoxaluria model in healthy WT animals

Animal models of disease are essential to determine the efficacy and the safety of novel treatments.
The preclinical development of a drug has to include toxicity tests in clinically relevant animal
models to determine the maximum dose that can be administered to patients in the absence of
adverse events. NHPs are considered one of the best models to test the safety of a drug, including
gene therapy drugs, due to similarities with humans in the immune response, metabolism and their
large size (169). The main goal of our work is to develop new, efficient and safe treatments for
PH1. Although a mouse model of PH1 is available, it has important differences with PH1 patients,
such as the immune response or the oxalate metabolism. Despite thousands of preclininal studies in
mice and NHPs using AAV vectors to target the liver, in none of them a T cell response against the
vector capsid was detected; however, in several gene therapy trials for hemophilia B, T cell
responses were developed leading to total or partial elimination of transgene expression (124,128).
To investigate the oxalate metabolism, PH1 mice need to be challenged with precursors of oxalate
in order to generate high enough oxalate levels to damage the kidneys, most likely because the GFR
in mice is higher than in humans (101). In patients, the overproduction of oxalate is constant,
leading to a continuous insult to the kidneys and development of urolithiasis, nephrocalcinosis and
ESRD. In the PH1 animal model, none of these symptoms were observed, and only

nephrocalcinosis developed in challenged animals (101).

In the present work, we decided to try to develop a PH model in macaques for the study of the
efficacy of novel treatments. It is known that secondary hyperoxalurias are caused by an increase in
oxalate or its precursor’s intake in the organism (170). Different precursors can be taken up with the
diet, such as HP. Therefore, we hypothesized that the oral administration of a diet highly rich in HP
could lead to an increase in oxalate synthesis and its excretion in urine. Thus, one of the goals of

this work was to develop a dietary hyperoxaluria.

4.1.1 A diet-induced hyperoxaluria model in WT mice

First, as proof of concept, WT C57BL/6 male animals were challenged by the administration of a
HP-rich solid food. Three different HP concentrations were used, 1%, 3% and 5%. Before the
administration of the HP-rich diet a basal urine sample was collected, and then, the animals were
fed for 3 days with HP. During the experiment the animals were kept in metabolic cages in groups
of 2 mice per cage and 24-hour urine samples were collected every day (Figure 20A). Oxalate
measurement in urine revealed a significant increase of this metabolite during the feeding with the

diets containing 3% and 5% HP in comparison to basal levels and to animals that received no HP or
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low HP (1%) in their diet. After the elimination of HP from the diet oxalate levels returned to
normal within 24-48 hours (Figure 20B).
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Figure 20. Set-up of a model of dietary hyperoxaluria in C57BL/6 mice. A) Schematic representation of
the experimental procedure: urine collection and HP administration. B) Oxalate levels measured as oxalate
concentration normalized to creatinine concentration in the urine of animals that received no HP or different
concentrations of HP in food. Data of 4 urines per group are shown as mean + SEM. Kruskal Wallis analysis

was used to analyze differences between groups. ** = p<0.01.
4.1.2 Acute hyperoxaluria in Macaca fascicularis

For the generation of the model in macaques, 4 Macaca fascicularis males were fed with a dose of
HP corresponding to 1% of their body weight. The HP dose was diluted in 100 mL of yogurt and
each animal received 3 doses over 3 consecutive days. Three-hour urine samples were obtained
daily during the course of the experiment and serum samples at days 0, 3, 5 and 7 and oxalate
concentration was measured (Figure 21A). Urine oxalate progressively increased after each HP
administration and returned to normal 48 hours after the last dose (Figure 21B). The hepatic damage
marker ALT rose after HP treatment, although it was not significant and the levels were maintained
within the reference normal values (0-138 U/L) (Figure 21C).
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Figure 21. Set-up of a model of dietary hyperoxaluria in Macaca fascicularis. A) Experimental design of
the HP challenge and urine and serum collection. B) Oxalate levels measured as oxalate absorbance
normalized to urine creatinine concentration. Results are shown as mean = SEM of the data obtained from 4
animals. Kuskal Wallis was used to compare oxalate levels between different days and differences were
considered significant (p=0.003). Data are given as mean + SEM. Dunn’s post-test revealed statistical
difference between day 3 and basal levels. * = p<0.05. C) Serum ALT levels (U/L). Data of 4 NHPs are

shown as mean £ SEM. p=0.075, no significance was obtained following Kruskal Wallis analysis.

4.1.3 Analysis of the therapeutic effect of gene therapy in a C57BL/6 diet-

induced hyperoxaluria model

It was shown that the gene therapy for the treatment of PH1 in the Agxt™ preclinical model for the
disease is effective (80). Thus, the usefulness of the C57BL/6 diet-induced hyperoxaluria model
was evaluated in male animals treated with AAV5 vectors expressing AGT or an irrelevant gene
(Factor IX (FIX)) and compared to saline-treated animals. HP challenge was performed in all the
groups and oxalate was measured in 24-hour urines. As shown in Figure 22, oxalate levels
(normalized to creatinine) were the same in all groups and the overexpression of AGT in WT
animals did not confer any advantage during a HP challenge. In conclusion, the diet-induced
hyperoxaluria model could not be used to evaluate therapies directed at decreasing oxalate. The lack

of positive results in mice led us not to test this approach in monkeys.
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4.2  Optimization of glyoxylate pathway overloading in the PH1 animal

model

As described PH1 mice require the administration of a high concentration of oxalate precursors to
accumulate oxalate in urine and to develop the disease (101). Before testing the efficacy of the

potential treatment we first established the experimental conditions for the challenge.

4.2.1 L-hydroxyproline challenge

The protocol tested in WT C57BL/6 animals was transferred to PH1 animals. However, the animals
did not eat the HP food. For this reason, HP diluted in water was administered by oral gavage, but it

was toxic for the animals and 80% of them died 24 hours after the procedure.

4.2.2 Ethylene glycol (EG) challenge

As HP was not applicable in the PH1 model we decided to move to a different challenge strategy

using EG administration.

4221 Oral gavage
Animals received a single dose of 15.5 mg of EG by oral administration. The analysis of oxalate
concentration in urine revealed an increase in oxalate levels that was sustained for at least 3 days
after the gavage (Figure 23). Males of different ages were used for this experiment and an age-
dependent oxalate increase was observed. Older animals were more sensitive to the EG challenge
(Figure 23), displaying significantly higher oxalate urine levels compared to age-matched WT

animal. Therefore, all subsequent experiments were performed in 12-14 weeks-old animals.
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Figure 23. Set-up of the EG gavage challenge in

159 I wr PH1 animals. Oxalate levels measured as pmol/24
. % 1 PH1 (11 weeks)
§ Bl PH1 (14 weeks) hour in C57BL/6 WT animals and PH1 animals
E 101 after an EG challenge (15.5 mg). Data of at least 3
3 T .
g x individual urines per group are shown as mean *
g 7 . SEM. Kruskal Wallis test was significant for 24h
© "N T (p=0.0302) and 48h (p=0.0181) points. Dunn’s

= =1
0 Basal 4 48 79 post-test revealed significant differences between
' Time after EG gavage (h) WT and 14 week-old PH1 groups. * = p<0.05.

42272 Oral uptake in drinking water
Sustained low EG dose administration was tested in order to mimic a scenario more closely
resembling the one found in PH1 patients. For this purpose, 0.5% (v/v) EG was added to the
drinking water of the animals during 13 days. 24-hour urine was collected every 3 days. As shown
in Figure 24A, oxalate was significantly higher in the urines of PH1 mice and the highest peack of
oxalate was obtained at day 3 after the addition of EG into the drinking water. On days 7 and 10 the
oxalate level remained high compared to WT control animals. The urine volume increased in both
groups during the challenge due to an increased osmosis of the hyperoxaluric urine (Figure 24B).
However, on day 13 after the start of the challenge, the oxalate levels in the urine dropped because
of a deterioration of the health status of the PH1 animals, which presented tremor and absence of
movement. In addition, during the challenge the water intake increased in the control group because
of the increased diuresis, while in PH1 animals it remained stable (Figure 24C). This could explain
the bad state of the animals. Therefore, it was decided to shorten the challenge to a maximum of 10

days in order to not stress the animals in excess.
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Figure 24. Set-up of EG challenge in PH1 animals. A) Oxalate levels (umol/24 hours) in C57BL/6 WT and

in PH1 animals during 13 days of challenge. Mann Whitney test revealed significant differences between the

two groups on days 0, 3, 7 and 10. B) Urine volume during the EG challenge, measured in mL. Statistical

analysis by Mann Whitney test revealed no significant differences for each day. C) Water intake of each

animal in the experiment, measured in mL. Mann Whitney test revealed significant differences on day 13

(p=0.0095). A-C) At least 3 data points were obtained per group and they are shown as mean + SEM.

* = p<0.05, ** = p<0.01.
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4.3  Optimization of gene therapy for PH1

One of the objectives of this thesis was to optimize gene therapy for PH1, and for this purpose, we
evaluated two different approaches. First, the transgene AGXT was codon optimized to achieve
higher AGT protein levels. Then, different routes of administration of the vector were developed

with the aim of increasing liver transduction efficiency.

4.3.1 Human AGXT codon optimization

Codon optimization can be used to increase the expression levels of a recombinant protein. The
sequence is modified using the codon with the highest affinity for the tRNA of a particular amino
acid, thus obtaining an optimized translation (133). Codon optimization has been used in gene

therapy to achieve faster and higher transgene expression levels (128,134).

A
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\‘ ., J —t— Sacrifice timeline of urine collection, EG gavage
7 [ I I I
Basal urine 21 22 28 32 36 Time (days) and challenge.

24h urine collection

Here we have used a codon optimized human AGXT (coAGXT) targeted to the liver by an AAV5,
which was produced by a Dutch company of gene therapy, uniQure. uniQure tested the constructs
in vitro and concluded that the use of coOAGXT resulted in a higher protein production than WT
AGXT (data not shown). Taking into account in vitro data, the therapeutic efficacy of the vector
carrying the coAGXT was compared with the one carrying the WT AGXT sequence. 12 week-old
male PH1 animals were divided into 3 groups of at least 5 mice per group. The control group
received saline solution, and the other two groups were administered with AAVS5 containing either
COAGXT or AGXT WT (Figure 25A). In addition, the urines of four C57BL/6 mice were collected
during the experiment as control to determine normal urine oxalate levels. Twenty one days after
the administration of the vectors, individual urines were collected using metabolic cages (Figure

25B). As shown in Figure 26A, 3 weeks after the treatment oxalate tended to be lower treated PH1
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mice compared with PH1 animals, even though it was not significant and the levels were not toally
normalized compared to WT animals. Next, all animals were challenged by EG gavage as
described. After the gavage, the same trend was maintained: Treated animals showed less oxalate in
urine than PH1 animals, but still higher than WT healthy controls (Figure 26B). One week after the
gavage (28 days after the treatment), the oxalate in urine returned to basal levels and an EG
challenge was started by the administration of EG in drinking water. On day 4 of the challenge,
again the same trend was observed. However, the oxalate levels in AAV5-treated animals were the
same as in WT animals by the day 8 of challenge, which indicated a normalization of levels (Figure
26C). No significance was found when analyzing the oxalate of treated groups, but probably this is
an effect of the number of animals in the experiment. At the end of the study it was concluded that
there was no difference in therapeutic efficacy between both versions of the transgene. Therefore,

the codon optimization of AGXT sequence did not have a therapeutic advantage.
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Figure 26. Codon-optimized AGXT does not provide a therapeutic advantage over the WT form.
Oxalate levels measured as pmol/24 hour in the animals that received saline or the therapeutic vectors 21 days
after vector administration (A), after a 15.5mg EG gavage (B) and during 8-day EG challenge (C). Data (n>3)
are shown as mean + SEM. Kruskal Wallis testing gave significant differences in all cases and Dunn’s post-

test was performed. * = p<0.05, ** = p<0.01.
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Finally, animals were sacrificed on day 36 and transduction was analyzed in the livers. In Figure
27A the amount of viral genomes in the liver is shown, which is the same in the groups treated with
AAVS5 but independent of the transgene used. Specific WT AGXT and coAGXT transcripts were
also detected by gPCR (Figure 27B and 27C) and were higher for WT AGXT. AGT protein levels
were analyzed by WB and the protein levels were the same in all the AAV-treated mice (Figure
27D). Thus, the infection and the transgene expression were the same between the two treated
groups, explaining the absence of differences in the therapeutic efficacy. Exceptionally, one mouse
in the AAV5-AGXT WT group was not properly infected, which presented low viral genome

presence and lower AGT mRNA and protein levels.
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Figure 27. Analysis of liver transduction by AAV5-WT AGXT and AAV5-cOAGXT vectors. A)
Measurement of viral genome copies per ug of total genomic DNA. Kruskal Wallis test was significant
(p=0.0063) and Dunn’s post-test revealed higher genome copies in the groups treated with the vectors. B) RT-
gPCR quantification of WT AGXT mRNA copies in livers. Kruskal Wallis test revealed significant
differences between groups (p=0.0019). C) RT-qPCR detection of coAGXT mRNA. Kruskal Wallis test was
significant (p=0.0025). D) WB detection of AGT expression in the livers of the treated mice. A-C) Data are

shown as mean + SEM of at least 5 animals per group. * = p<0.05, ** = p<0.01.
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4.3.2 Improvement of AAV-mediated liver transduction efficiency by

changing the route of administration

The results presented in this part were published in the journal Human Gene Therapy- Clinical

Development (171).

Due to the need of transducing a high percentage of hepatocytes in order to cure the PH1, new
routes for AAV administration were tested in an animal model with a similar hepatic structure as
humans: Macaca fascicularis. Furthermore, not only transduction efficiency but also the safety of
the different procedures was evaluated: biochemical and hematological toxicity, viral shedding and
the immune response against the vector were determined. Two new routes of administration were
tested and compared to the intravenous (IV) route. A vector expressing a secreted reporter protein
was used to be able to follow transgene expression over time. Thus, an AAV5 expressing human
secreted embryonic alkaline phosphatase (SEAP) under the control of the liver specific promoter o-
1-antitrypsin was used, AAV5-AAT-SEAP.

4321 Procedure

Two animals were administered with the AAV5-AAT-SEAP vector in the saphenous vein (IV
group). A second group (n=3) received the vector by direct administration via the suprahepatic vein
(SHV) using a balloon catheter for blood flow obstruction: a 3 cm incision was performed in the
right jugular area of the animal and the jugular vein was exposed and cannulated by venotomy. The
balloon catheter was then introduced until reaching the right branch of the SHV. Fluorography
images were taken using a contrast medium in order to visualize the area where the vector was
administered (Figure 28A). Once the catheter was in place, the balloon was blown up and the vector
was administered in two boli: half of the total dose diluted in 10 mL was administered and the
balloon remained inflated during 5 minutes, then it was deflated and normal blood flow was
restored during 2 minutes. The second half of the dose was administered using the same procedure.
The third group (HA group) was composed of three animals that received the vector via the hepatic
artery (HA) with blood outflow occlusion by a balloon catheter in the SHV. In short, one balloon
catheter was placed in the SHV as described above and a second balloon catheter was placed in the
HA. To perform this procedure, a 3 cm incision was made in the inguinal area of the animal, the
femoral artery was exposed and a catheter was introduced until reaching the right branch of the HA.
Subsequently the vector was administered in two boli via the catheter placed in the right HA in the
same way as described for group two. Figure 28B shows the area where the vector was infused. The
procedure could only be performed on the right branch of SHV or HA due to the small size of the
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left SHV branch, where balloon inflation was too dangerous. Thus only 40% of the liver could be

reached (Figure 28). All procedures were carried out under general anesthesia.

A

Figure 28. Fluorography images obtained during vector administration using the new routes. A) SHV
injection of the vector. A balloon catheter (white arrow) was introduced into the right SHV. Administration
of contrast medium visualizes the area where the vector was administered. B) A balloon catheter (white
arrow) was introduced into the right SHV and second catheter was introduced into the right HA, via which
administration of the vector was performed (black arrow). Balloon occlusion in the right SHV was maintained

during administration.

4322 Safety of the different procedures

The macaques tolerated the procedure well, they quickly recovered from the anesthesia and the
incisions healed properly. All presented with normal weight gain and activity (food and water
intake, social behavior) during the 4 months of the experiment until sacrifice. A complete
hematological profile was analyzed in treated animals before and the first days after the
administration of the vector. In general, in white blood cell lineages (WBC) no important alterations
due to the administration of high amount of virus were observed (Figure 29). More importantly, the
new routes did not elicit any affects that differed from those observed for the IV route. The same
was true for the red blood cells (RBC) and related parameters, such as the hematocrit (Figure 30).

Platelets and coagulation were also not affected by the injections (Figure 31).
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Figure 29. Hematological profile of WBC in the animals receiving the AAV5-AAT-SEAP by different
routes of administration. Quantification of the number of WBC (A), neutrophils (B), lymphocytes (C),

monocytes (D), eosinophils (E) and basophils (F). Data are shown as mean + SEM. Friedman test was

performed to analyze differences in cell populations between groups over time. Significance was obtained for

basophils and no difference was observed in the other cell types. *** = p<0.001.
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significant differences between groups in any of the measured parameters.
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Figure 30. RBC and related parameters after the administration of the vector. Measurement of RBC
number (A) and the related parameters hemoglobin (B), hematocrit (C), mean corpuscular volume (MCV)
(D), mean corpuscular hemoglobin (MCH) (E), mean corpuscular hemoglobin concentration (MCHC) (F) and

red cell distribution width (RCDW) (G). Data are shown as mean + SEM. Friedman test revealed no
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Figure 31. Measurement of the number of platelets (A) and the mean platelet volume (B) in the NHP
treated via different administration routes. Data are shown as mean = SEM. No significant differences

were observed with the Friedman test.

The follow-up in the first week included the measurement of several biochemical parameters in
order to analyze hepatic and renal functions. Neither was affected by the administration of the virus
and all parameters analyzed in serum remained constant: albumin, total protein, bilirubin, GGT,
urea and creatinine (Figure 32A-F). However, some liver damage was induced in the animals that
received the vector by the new routes, as reflected in increased ALT (Figure 33A) and AST (Figure

33B) levels after the vector administration (even to above the maximum reference values).

This effect was resolved by day 7 after administration and these parameters were stable and
between the normal ranges during the 4 months of the experiment (Figure 33). The death of a small
portion of hepatocytes because of the increased intrahepatic pressure during the balloon occlusion
cannot be excluded and can possibly explain for the increase of ALT and AST concentrations in

serum.

Overall, no important toxicity was associated with the new routes of administration.
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Figure 32. Biochemical serum profile during the first week after the administration of the vector.

Measurement of (A) albumin concentration (g/dL), (B) total protein concentration (g/dL), (C) bilirubin
(mg/dL), (D) urea (mg/dL), (E) creatinine (mg/dL) and (F) GGT (U/L). Data are shown as mean + SEM.

Friedman test was chosen to compare the groups during time and any significant difference was found. Dotted

lines indicate the normal range.
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Figure 33. 4-month follow-up of transaminase levels. A) ALT measurement (U/L) and (B) AST
measurement (U/L). Data are shown as mean = SEM. Friedman test revealed no differences between groups

during the experiment.

4.3.2.3 Viral shedding

The elimination of the vector was analyzed in different body fluids, such as urine, feces, saliva and
nasal secretion. The presence of the virus was also measured in serum in order to monitor the
clearance of the vector. The animals receiving the vector by the SHV route eliminated more amount
of virus in feces than the other animals (Figure 34B). However, the HA injection triggered higher
vector presence in urine and saliva during the first days after the administration (Figure 34A and
34C), and slightly less vector in the serum 24 hours after the treatment (Figure 34E). No differences
were observed in the elimination of the vector in the nasal secretion (Figure 34D). Surprisingly, the
animals that were administered using the new routes cleared the vector more slowly from the blood
(Figure 34E).
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4324 Immune response against AAV5 capsid

Antibody levels in serum were measured to analyze the humoral immune response against the
capsid of AAVS5. Total specific antibodies (neutralizing and binding antibodies) were increased in
all animals after vector administration (Figure 35A). However, some of the animals from the ‘new
routes’ groups developed higher antibody levels but the differences were not statistically

significant. The same trend was observed for neutralizing antibody levels (Figure 35B).
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IFN-y ELISpot assay was used to determine the presence of T lymphocytes reactive against AAV5.
The analysis was performed in peripheral blood mononuclear cells (PBMCs) extracted from one
animal from the IV group and two animals from the other two groups. No AAV5-specific response

was detected, neither before nor after the administration of the vector (Figure 35C-E).
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Figure 35. Analysis of the immune response against AAV5. A) Titration of total antibodies against AAV5
by ELISA. B) Titration of neutralizing antibodies (Nabs) against the vector by in vitro neutralization assay.
Data are shown as mean + SEM. Kruskal Wallis test was no significant for A and B. C-E) ELISpot analysis of
the number of PBMCs responsive to AAVS5 peptides in some of the animals from each group. Data are shown

as mean + SEM.
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4.3.25 Transgene expression

As mentioned, SEAP is a secreted protein, whose phosphatase activity can be measured in serum
samples. Therefore, SEAP activity was monitored during the 4 months of the experiment and it was
significantly higher in animals administered using the new routes (Figure 36A). In addition, the
normal alkaline phosphatase (ALP) activity was measured in serum, where the total alkaline
phosphatase activity was measured, i.e. endogenous ALP plus exogenous SEAP. These

measurements matched with the result obtained in the analysis of SEAP activity (Figure 36B).

A B IV group

807 1000+ I*

-®- SHV group *
IV group I* -4 HAgrou Ins
< 601 - SHVgroupI ok ~ 800 group
ns

£ —4— HAgroup 3
£ 2 600
=2 404 o
% < 400
3 £

i “ 2004

O T T T T T T T T O T T T T T T T T

0 14 28 42 56 70 84 98 11 0 14 28 42 56 70 84 98 112

Time (days) Time (days)

Figure 36. Monitoring of transgene expression in the serum in the 4-month follow-up after the
administration of the vector. A) Measurement of specific activity of SEAP in serum. Data are shown as
mean + SEM. Kruskal Wallis test (p= 0.0002) and Dunn’s post-test were used to analyze the differences
between groups. B) Measurement of ALP in serum (U/L). Data are shown as mean + SEM. Kruskal Wallis
(p=0.0054) and Dunn’s tests determined the statistical differences between groups. * = p<0.05, *** =
p<0.001.
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43.2.6 Liver transduction

As the direct administration in the liver was performed on the right side, samples from 8 different
liver sections (from | to VIII) were collected at necropsy (Figure 37A). In addition, each section
was subdivided in smaller pieces (depending on the size of the section), and a total of 30 different
samples were obtained. This way, the spatial distribution of the vector was investigated. The
transduction of the vector was analyzed by measuring the presence of viral DNA and the expression
of SEAP at mRNA level in each piece. In the systemic administration the vector infected the liver in
a homogenous way (Figure 37B). In contrast, animals receiving the vector via direct administration
to the vascular system of the right side of the liver presented with higher infection rates in the
sections located at the site of administration (sections V-VIII). Moreover, the overall viral genomes
were significantly higher in animals administered via the new routes. Similar results were obtained

for SEAP mRNA quantification, although significance was not reached (Figure 37C).
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Figure 37. Analysis of the spatial transduction of the liver. A) Image showing the pattern followed to
dissect the liver in 8 regions and perform posterior analysis. B) Quantification of viral genome copies in each
region of the liver. Data are shown as mean + SEM. Kruskal Wallis test (p=0.0016) and Dunn’s post-test were
used to compare the groups. C) gPCR analysis of the expression of SEAP in each liver region was analyzed.
Data are shown as mean £ SEM. Kruskal Wallis test revealed no significant differences (p= 0.0827). * =

p<0.05, ** = p<0.01.
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43.2.7 Vector biodistribution

The presence of viral genomes was also assessed in further 21 organs in order to analyze if the route
of administration changed the biodistribution profile of the vector. As shown in Figure 38, vector
copy numbers were highest in liver and adrenal glands, followed by heart, gall bladder and inguinal
lymph nodes (ILN). No statistically significant differences were observed although there were
trends in organ distribution depending on the route. Adrenal glands were more preferentially
transduced in the SHV and HA groups, in which copy numbers were very similar to data obtained

in liver (3.5x10° gc/ug in liver and 2x10° gc/ug in adrenal glands). Analysis of gall bladder and
spleen also revealed the same trend.
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Figure 38. Biodistribution of the vector. Quantification of viral genome copies per pug of genomic DNA in
22 organs. Results are shown as mean + SEM. Kruskal Wallis test for each organ revealed no significant

differences between administration routes.
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4.4 CRISPR/Cas9-mediated substrate reduction therapy (SRT) for
PH1

As mentioned in ‘Introduction’ section, our main goal was to develop new therapies for PH1. The
inhibition of GO is being used as an efficient and safe SRT strategy for PH1 (78,86,87). GO is a
peroxisomal enzyme encoded by HAOL1 gene and catalyzes the conversion of glycolate into
glyoxylate. It has been demonstrated that the inhibition of Haol by siRNAs in vivo reduces oxaluria
in the PH1 animal model. The only side effect observed so far has been a non-pathological increase
in glycolate, which is eliminated into the urine without causing kidney damage. Moreover, this
approach is being currently tested in clinical trials to treat PH1 patients. Our hypothesis is that same
therapeutic effect can be obtained by decreasing GO levels using CRISPR/Cas9-mediated Haol
gene disruption. These systems could be used to generate DSBs in the Haol gene that will be
subsequently repaired by the error-prone NHEJ mechanism. This will lead to the disruption of the

gene, and as a consequence, to a decrease in the expression of the protein.

4.4.1 Experimental design

As mentioned in the ‘Material and Methods’ section, two gRNAs targeting the second exon of the
murine Haol gene were designed and cloned into a vector expressing SaCas9 under the control of
the hepatospecific thyroxin binding globulin (TBG) promoter flanked by AAV ITRs. This plasmid
was used to produce AAVS particles, a highly liver-tropic AAV serotype (80).

Table 7. Summary of the experimental groups in CRISPR/Cas9-mediated SRT studies: mouse strain,

treatment, group ID and dose of vector.

Strain Treatment Group ID Dose
PH1 PBS Saline -
PH1 AAV8-SaCas9 Cas9 5x1012vg/kg
PH1 AAV8-SaCas9-Haol-gl Haol-gl 5x1012vg/kg
PH1 AAV8-SaCas9-Haol-g2 Haol-g2 5x1012vg/kg
C57BL/6 - WT -

To study the efficacy of this treatment in PH1 animals, experimental groups as outlined in Table 7
were formed: Two groups received the therapeutic vectors with different gRNAs against Haol

(Haol-g1 and Haol-g2), and as control groups, one group received the vehicle (Saline) while the
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other received the vector expressing the SaCas9 without any gRNA (Cas9). An untreated C57BL/6
WT animal group was also included. In all the groups the respective vector was administered

intravenously at a dose of 5x10" vg/kg.
4.4.2 Invivo Haol gene disruption and protein reduction in the liver

First, groups of 12-14 week-old male PH1 mice (n=5) were treated with the different vectors as

described above and were sacrificed 4 weeks later.
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Figure 39. Specific Haol gene disruption with AAV8-SaCas9-Haol-gRNA treatment. A) 2% agarose gel
separation of the fragments obtained after the Surveyor assay. B) Quantification of indel percentage by
sequencing and TIDE analysis. C) Viral genome copies per ug of total DNA in the livers of the treated
animals. D) Quantification of Cas9 mRNA copies by qPCR normalized to GAPDH mRNA. Results are
presented as mean + SEM of at least 5 mice per group. Kruskal Wallis and Dunn’s post-test were the tests of

choice to analyze differences between groups.

Indel generation was analyzed by Surveyor assay and TIDE analysis using genomic DNA extracted
from the livers as a template. As shown in Figure 39A, indels were detected by Surveyor, with each

gRNA having a different pattern of digestion. This is due to the different location of the targeted
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regions in exon 2 of the Haol gene. TIDE analysis allowed the quantification of the percentage of
indels generated in the targeted regions (Figure 39B), which was around 50% in the animals treated
with AAV8-SaCas9-Haol-g1 and AAV8-SaCas9-Haol-g2. The level of AAV liver transduction
was similar in all vector-treated groups, since the viral genome copies and Cas9 mRNA expression
levels were statistically not different (Figure 39C-D).
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Figure 40. NGS of the on-target region of Haol-gl and Haol-g2. A) Frequency of CRISPR/Cas9-
introduced variants introduced in Haol gene analyzed by NGS in one mouse treated with saline, three treated
with AAV8-SaCas9 and five treated with AAV8-SaCas9-Haol-gRNA (5 animals per gRNA). B)
Characterization of the variants according to their modification type, size and frameshift potential in the

animals presenting indels. C) Distribution of indel size in base pairs (bp) for each gRNA.

A more profound analysis of indels was performed by NGS. An average of 26,503 and 52,234 reads
were obtained from the specific regions targeted by Haol-gl and Haol-g2, respectively. Deep
sequencing of animals receiving gRNAs against Haol (n=5 per gRNA) confirmed previously
observed indel frequencies determined by TIDE (with an indel average of 48.46 + 3.41% for Haol-
gl and 52.81 * 3.85% for Haol-g2) (Figure 40A). The most common mutations for both gRNAs
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were indels smaller than 10bp (average of 80.66% for Haol-gl and 85.03% for Haol-g2),
occurring around positions —3 to +3 relative to the cleavage site and triggering a frameshift (with
88.45% and 80.42% frequencies), which explained the reduction in protein levels (Figure 40B).
Interestingly, indel distribution was different within gRNAs, being Haol-g1l prone to introduce
insertions of 1bp, while Haol-g2 induced 2bp deletions more frequently (Figure 40C). Moreover,
although insertions were predominantly introduced at position +1 for both gRNAs, deletions were
more widely distributed. These differences in the indel distribution might be due to the regions the
gRNAs are targeting. Since Haol-gl is targeting the 5° end of the exon 2 of the gene, splicing

regulatory regions of the intron-exon junction could affect NHEJ repair.
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The biodistribution of viral genomes copies was also analyzed (Figure 41). As expected, AAV8
preferentially infected the liver, even though some vector could be detected in other organs such as
the heart.

Next, the effect of the indels on the expression of GO was analyzed. As shown in Figure 42A, Haol
MRNA levels were similar among all PH1 groups, independent of the treatment. The absence of
differences correlates with the fact that the majority of the indels were small and therefore
transcription and mRNA levels were not affected. However, no GO protein was detected in the
livers of animals that had received the treatment with vectors expressing the gRNAs (Figure 42B
and 42C). This clearly indicates that the indels generated by the CRISPR/Cas9 system induced no
changes at the transcriptional level but a reduction of the protein to undetectable levels by WB and
IHC.
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Figure 42. Effect of Haol gene disruption on the mRNA and protein expression. A) Quantification of the
MRNA expression of Haol. Data are shown as mean + SEM (n>5). Kruskal Wallis analysis was not
significant (p=0.1020). B) Detection of GO and GAPDH proteins by WB in liver protein extracts. C) IHC of

GO in liver sections of one animal per group.
4.4.3 Therapeutic efficacy of GO reduction 1 month after treatment

In order to explore the therapeutic efficacy of the CRISPR/Cas9 vectors, treated mice were
challenged 21 days after AAV administration with 0.5% EG in drinking water during 10 days
(Figure 43A). Urine samples were collected before the challenge and on days 3 and 7. Urine oxalate
and glycolate levels were measured at different time points before and after EG challenge. After
challenge, in spite of the variability inside groups, PH1 animals treated with saline or with AAV8-
SaCas9 generally displayed significantly higher oxalate levels in urine than AAV8-SaCas9-Haol-
gRNA-treated animals. Oxalate levels were very similar in AAV8-SaCas9-Haol-gRNA treated-
and WT animals (Figure 43B). As expected, glycolate levels were increased in the AAV8-SaCas9-
Haol-gRNAs group (Figure 43C). However, this difference was not clear by day 7 of the challenge
because of high levels obtained in the saline group. This phenomenon is also observed in PH1
patients and it is possible that it is caused by the presence of extremely high glyoxylate levels. This
leads to a saturation of the LDH enzyme and hence the activation of GRHPR that converts
glyoxylate into glycolate will occur. Water intake was monitored while the animals were kept in
metabolic cages and no difference was observed between groups (Figure 43D).
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Figure 43. Analysis of the short-term therapeutic efficacy of the treatment with AAV8-SaCas9-Haol-
gRNAs. A) Experimental procedure: 21 days after the administration of the vector an EG challenge was
performed during 10 days. B) Measurement of urine oxalate levels (umol/24 hours) on days 0, 3 and 7 of the
EG challenge. C) Measurement of water intake during the challenge (mL/24 hours). All data are shown as
mean = SEM (n>3). Kruskal Wallis test was employed to analyze differences between group. * = p<0.05, **
= p<0.01, *** = p<0.001.

In addition, the treatment was able to prevent the nephrocalcinosis (NC) caused by a 10-day EG
challenge as shown by the staining of CaOX crystals in the renal parenchyma (Table 8 and Figure
44A), which was lower or non-existent in treated mice. The controls that presented with NC had
high urea levels in serum associated with kidney damage (Figure 44B). Animals were also weighed
during the challenge, and weights remained stable in gRNA-treated and WT animals, while control
animals lost weight by day 7 of challenge (Figure 44C).
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Table 8. Number of mice that accumulated CaOx crystals in the kidneys and severity of
nephrocalcinosis after 10 days of EG challenge.

Treatment Developmentof NC  Severity

Controls 30f8 Severe
Haol-gl lof5 Mild
Haol-g2 O0of5 None

A Mild NC Severe NC

B Saline Cas9 Haol-gl Haol-g2 WT
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Figure 44. Analysis of toxic effect of EG challenge 1 month after the treatment. A) Examples of kidneys
with mild (left) or severe (right) NC. B) Serum urea levels (mg/dL). Normal reference values are 49.9-90.15
mg/dL (dashed lines). C) Change in body weight after the challenge. Kruskal Wallis analysis (p=0.0033)
showed significant differences only between Saline and WT group. All data are shown as mean + SEM for

each group (n>5) and were analyzed by Kruskal Wallis statistical analysis. ** = p<0.01.

Moreover, a second challenge was performed in another set of animals two weeks after the first
challenge, both over 7 days. During the double challenge, therapeutic efficacy was maintained since
oxalate levels remained low in the group treated with gRNA (Figure 45A). Water intake was also

similar among groups (Figure 45B).
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Figure 45. Therapeutic efficacy after a double EG challenge. A) Oxalate levels in 24-hour urines during
the double challenge. B) Water uptake (mL in 24 hours) during the second EG challenge. Data are shown as

mean + SEM (n=5) and Kruskal Wallis was employed to compare the data. * = p<0.05.

4.4.4 Therapeutic efficacy of GO reduction in male PH1 mice 4 months

after treatment

One of the advantages of CRISPR/Cas9 therapies is the lifelong effect, since the modifications are
performed at genomic DNA level and remain after cell division. In order to prove if this holds true
in for our approach, treated and untreated PH1 animals were challenged with EG in drinking water
4 months after the administration of the vectors and urine samples were collected at different time
points (day 0, 3 and 7 of challenge) (Figure 46).

Figure 46. Scheme of experimental procedure

Vector .
administration to analyze the long-term efficacy of the
PH1 l EGChla"enge treatment. The different treatments were
: ;' I \I administered to eight-week-old male and female
8 weeks-old 4months 3 7

animals and 4 months later a seven-day-long EG
Male and female

24h urine collection challenge was performed. Three 24-hour urine
points were collected and the animals were
sacrificed after the challenge.

After 4 months of treatment, basal oxalate levels were significantly lower in male animals treated
with AAV8-SaCas9-Haol-gRNAs and in the WT group compared to PH1 controls (animals that
received Saline or AAV8-SaCas9) (Figure 47A), indicating an amelioration of the disease.
Furthermore, animals that were administered with the therapeutic vectors displayed significantly
higher levels of glycolate in urine (Figure 47B).
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The same pattern was observed during the challenge. Even though the oxalate levels increased in all
animals during the challenge, it was higher in control animals. Once again, urine oxalate levels in
controls were heterogeneous resulting in a high variability. This phenomenon could be caused by
the fact that the control animals were not healthy and did not produce normal volumes of urine.
Nevertheless, the oxalate levels in treated animals were significantly lower and to the same as the
levels obtained for WT healthy controls. Based on this a protection against the EG challenge can be
concluded (Figure 47C). The glycolate amount was also significantly higher in animals treated with
gRNAs (Figure 47D). To ensure the homogeneity of the challenge, the water intake was measured

and no significant differences were observed between groups (Figure 47E).

It should be noted that two control animals displayed high urea levels in serum, which was probably

due to the kidney impairment (Figure 48A). The presence of NC in kidneys was also analyzed and
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complete protection was observed in treated animals. However, milder kidney damage than during
the 1-month experiment was detected in controls, most likely because the challenge was shorter.

Treated animals also did not suffer weight alterations during the challenge (Figure 48B).
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Figure 48. Toxicity of the EG challenge 4 months after the treatment with AAV8-SaCas9-Haol-gRNA.
A) Serum urea levels (mg/dL) and normal reference range (dashed lines, 49.9-90.15 mg/dL). B) Change in
body weight during EG challenge. Mean + SEM (n>6) are shown for each groups and Kruskal Wallis test was

not significant for both parameters.

After sacrifice, a molecular analysis was carried out in order to correlate the therapeutic effect with
GO inhibition. The indel percentage was calculated using the tool TIDE, and, as shown in Figure
49A, most of the animals treated with AAV8-SaCas9-Haol-gRNAs were positive for indels in the
specific target site. However, some of the animals that had been treated with AAV8-SaCas9-Hao1l-
g2 (empty inverted triangles) had a lower indel percentage compared to the rest of the animals
treated with the gRNAs, which had about 40-50% of indels. These animals also presented lower
viral genome copy numbers (Figure 49B empty inverted triangles), lower Cas9 expression at
mMRNA level in the liver (Figure 49C empty inverted triangles) and almost no inhibition of GO by
WB (Figure 49E marked with #). The analysis of the remaining gRNA-treated animals was in line
with that obtained after short-term treatment. Interestingly, the relative quantification of Haol
mRNA showed a significant reduction in animals treated with the gRNAs, while the mRNA

expression levels were higher in control animals (Figure 49D).
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Figure 49. Haol gene disruption and GO inhibition in the liver of treated and control male animals 4
months after treatment. A) The percentage of indel in the target site for Haol-g1 and Haol-g2. B-C)
Transduction of the liver analyzed as viral genome copies (B) and SaCas9 mRNA expression (C). D) Haol
MRNA expression in the liver. All data are represented as mean + SEM (n>5). Kruskal Wallis was the
analysis to compare the groups. E) WB analysis of GO and GAPDH protein expression in the liver. * =
p<0.05, ** = p<0.01.
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4.4.5 Therapeutic efficacy of GO reduction in female PH1 mice 4 months

after the treatment

After studying the therapeutic efficacy of GO reduction in male mice, we next repeated the
experiments using females. PH1 female mice were divided in the same treatment groups as before
and they underwent the same procedures as males (Figure 46). Although not reaching significant, 4
months after treatment, oxalate levels were lower in gRNA-treated and in WT females than in
controls (Figure 50A). This effect was likely due to the less severe phenotype that has been
described for female PH1 mice (101). During the challenge, oxalate levels were increased in all
animals, even though with a trend to be lower in animals treated with AAV8-SaCas9-Haol-gRNAS;
however no significant differences were observed (Figure 50B). As in experiments with males,

water consumption was monitored and did not differ between groups (Figure 50C).
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Figure 50. Long-term efficacy of the AAV8-SaCas9-Haol-gRNA in female PH1 mice 4 months after
treatment. A) Basal oxalate levels in females 4 months after treatment. B) Oxalate levels during EG
challenge. C) Water consumption during EG challenge. Data are shown as mean + SEM (n>3) and Kruskal

Wallis revealed no significant differences between groups.
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Figure 51. Effects of EG challenge on kidney function and weight in females. A) Urea levels (mg/dL) in
serum, reference values were 45.46-93.2 mg/dL. B) Weight change during seven-day EG challenge. Data are

represented as mean + SEM (n>5) and Kruskal Wallis test showed no significant results.

While urea levels were normal after the challenge (Figure 51A) and the changes observed in body
weight were the homogeneous among groups (Figure 51B), the molecular analysis revealed an
interesting difference in indels between the groups that received the gRNAs (Figure 52A). The
group that received AAV8-SaCas9-Haol-g2 had a similar indel frequency to that observed in males
but females that received the AAV8-SaCas9-Haol-g1 showed an indel frequency of around 20%,
and therefore only about half of that observed in males. The transduction of the liver, measured as
the presence of viral genome copies (Figure 52B), and the expression of Cas9 mRNA (Figure 52C)
revealed a slight decrease in Cas9 expression in the Haol-gl group; therefore, explaining the
observed differences in indel frequency (Figure 52C). Haol mRNA analysis revealed a decreased
expression in animals with a high percentage of indels (Figure 52D). GO protein expression was
analyzed by WB and most of the female mice treated with AAV8-SaCas9-Haol-gRNAs had a
decrease into protein levels, but not a complete disappearance like in males (Figure 52E). Of note,
one mouse of the AAV8-SaCas9-Haol-gl group, presented with low percentage of indels and also
a low presence of viral particles in the liver (Figure 52A-B, empty triangle, and Figure 52E marked
with #).
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Figure 52. Haol gene disruption and GO inhibition in the liver of female animals. A) Quantification of
indel frequencies in the liver by TIDE. B-C) Analysis of liver transduction of AAV8 vectors by viral genome
quantification (B) and Cas9 expression (C). D) Haol mRNA expression by RT-gPCR. All the data are
represented as mean + SEM (n>4) and Kruskal Wallis test was used to analyze differences between groups.
E) GO and GAPDH expression analyzed by WB in liver protein extracts. * = p<0.05, ** = p<0.01.

4.4.6 Safety of CRISPR/Cas9-mediated SRT

Liver toxicity markers were analyzed in the sera of all animals treated with the AAV8-SaCas9-
Haol-gRNAs to exclude a possible toxic effect associated with the treatment. Serum ALT and
bilirubin were analyzed in treated males after one month (Figure 53A and 53B), four months
(Figure 54A and 54B) and the respective females (Figure 55A and 55B). Overall, no abnormality of

either parameter could be detected and no difference was found between groups.
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Figure 53. Analysis of short-term toxicity associated with SaCas9 expression in male mice. Serum ALT
(A) and bilirubin (B) measurement after one month of treatment. Reference values are 18-94 U/L for ALT
and 0-1 mg/dL for bilirubin (dashed lines). Data are shown as mean + SEM. Kruskal Wallis test was used to

analyze differences between groups.

Interestingly, after four months of treatment some of the animals — both treated (males and females)
and mock-treated (males only) - a slight increase in ALT and/or bilirubin levels could be observed.
Among the treated animals, this was the case of two males treated with the AAV8-SaCas9-Haol-g2
(empty inverted triangles in Figures 49 and 54) and a female treated with the AAV8-SaCas9-Haol-
g1 (empty triangles in Figures 52 and 55). These mice presented also with lower levels of viral load,
SaCas9 mRNA expression and indels in the Haol gene. The reason of this damage remains
unknown.
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Figure 54. Analysis of long-term toxicity in male mice after 4 months. Measurement of liver toxicity-
associated biochemical parameters in serum: ALT (A) and bilirubin (B). Reference values for ALT were 18-
94 U/L and for bilirubin 0-1 mg/dL (dashed lines). Data are shown as mean + SEM. Kruskal Wallis test
revealed no significant differences. C) Monitoring of body weight during the 4 months between treatment and

sacrifice. Friedman test revealed no significant differences between groups.

The body weight was also monitored in both sexes during the 4 months duration of the experiment.
All animals grew according to the normal development of PH1 mice (Figure 54C and Figure 55C).
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Figure 55. Analysis of toxicity in female mice after 4 months. Quantification of ALT (A) and bilirubin (B).
Reference values for ALT were 14-56 U/L and for bilirubin 0-0.9 mg/dL. Mean + SEM for each group are
represented. Kruskal Wallis test was no significant for both parameters. C) Changes in body weight during the

four months that lasted the experiment. Friedman test was no significant.

One of the main concerns regarding the therapies involving CRISPR/Cas9 is the possible genotoxic
effect caused by unspecific indel generation in off-target sequences that are similar in sequence to
the gRNA-targeted region. To address this issue, the predicted off-target regions scoring highest
were sequenced by NGS in the genomic DNA of the liver of animals treated with Cas9 and the two
different gRNAs and in some controls. Moreover, the off-target effect was analyzed in animals
treated one and six months before the sacrifice, in order to discard a time-related increase in
genotoxicity. In Tables 9 and 10 the indel frequency in the predicted top 7 off-target (OFT1-7)
regions is shown and none of the gRNAs introduced modifications in the predicted off-target

sequences (neither short- nor long-term after the treatment).
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Table 9. Sequence variant frequencies (%) in the top 7 predicted off-targets for Haol-g1.

Time oftreatment| Average ONT OFT1 OFT2 OFT3 OFT4 OFT5 OFT6 OFT7
Saline 0,14 0,12 0,1 0,03 0,08 0,01 0,26 0,11
4 weeks Cas9 0,18 0,17 0,09 0,06 0,08 0,04 0,3 0,08
Haol-gl 48,46 0,18 0,08 0,05 0,08 0,04 0,29 0,08
Saline 0,14 0,12 01 0,03 0,08 0,01 0,26 011
6 months Cas9 0,24 0,18 0,07 0,06 0,07 0,04 0,28 0,07
Haol-gl 60,57 0,19 0,08 0,05 0,07 0,03 0,32 01

Saline: n=1. Cas9: n=3. Haol-gl:n=>5.

Table 10. Sequence variant frequencies (%) in top 7 predicted of targets for Haol-g2.

Time oftreatment| Average ONT OFT1 OFT2 OFT3 OFT4 OFT5 OFT6 OFT7
Saline 014 012 01 0,03 0,08 0,01 0,26 011
4 weeks Cas9 0,08 0,07 0,09 0,09 0,06 0,07 0,1 011
Haol-g2 52,81 0,08 0,09 0,08 0,06 0,06 0,13 0,11
Saline 014 012 01 0,03 0,08 0,01 0,26 011
6 months Cas9 0,08 0,07 0,09 01 0,08 0,06 011 012
Haol-g2 60,13 0,07 0,08 0,08 0,07 0,07 01 012

Saline: n=1. Cas9: n=3. Haol-g2:n=>5.

Indel frequencies in the on-target (ONT) site were also analyzed by NGS after 6 months of
treatment (Figure 56 and Tables 9 and 10). Similar to the short-term experiment, an average of
20,026 and 79,731 reads were generated of the on-target region in exon 2 of Haol gene for Haol-
g1 and Haol-g2, respectively. The percentage of indels was around 60% (with a mean of 60.57%
for Haol-g1 and 60.13% for Haol-g2), which was slightly higher than in the short-term analysis
(Figure 56A). A possible reason could be the continuous expression of the Cas9 and the gRNAs in
the livers. Once again, the majority of indels were smaller than 10 bp and produced frameshifts
(Figure 56B), thus explaining the observed reduction in GO protein, and indel distribution was
different within gRNAs (Figure 56C).
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Figure 56. NGS of the on-target region of Haol-gl and Haol-g2 6 months after the treatment. A)
Frequency of CRISPR/Cas9-introduced variants in Haol gene analyzed by NGS in one mouse treated with
saline, three treated with AAV8-SaCas9 and five treated with AAV8-SaCas9-Haol-gRNA (5 animals per
gRNA). B) Characterization of the variants according to their modification type, size and frameshift potential

in the animals presenting indels. C) Distribution of indel size in base pairs (bp) for each gRNA.
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Discussion

PH1 is an inborn error of the glyoxylate metabolism, characterized by the dysfunction of the
peroxisomal enzyme AGT in the liver. It leads to an overproduction of oxalate, which subsequently
forms CaOx stones in the kidney causing renal damage. Among PH1 patients the incidence of
ESRD increases dramatically compared to the general population. One of the main concerns
regarding PHL1 is the low number of therapeutic approaches available in the clinical practice, which
in most of the cases are palliative. Currently, the only curative treatment is liver transplantation,
which is normally done together with kidney transplantation. Therefore, there is an urgent need to

develop new strategies to cure these patients.

The main goal of this project was to find a therapeutic alternative to treat PH1 patients. Gene
therapy has proven to be efficient in normalizing oxalate levels in the PH1 mouse model. Here, we
have corroborated this finding and we have also demonstrated that it can be rendered more efficient
by optimizing gene therapy treatment using direct injection in liver circulation. Furthermore, we
have generated a completely new therapeutic strategy based on the newly discovered CRISPR/Cas9

system mediated SRT.
5.1 Development of new preclinical hyperoxaluria models

Any drug, including gene therapy products, has to be tested in representative animal models of
disease during the preclinical development to determine the efficacy and potential adverse events
that the treatment could have in humans. In the case of liver-directed gene therapy, NHPs are the
most relevant animal model used for the preclinical assessment of safety due to the similarities in
hepatic structure and response to drugs (169). It is not mandatory to perform the safety testing in a
specific disease model, and in fact, in almost all cases it is not possible due to the lack of disease
models in large animals such as NHPs. However, the ideal preclinical development of a drug would

comprise a detailed study of both safety and efficacy in NHP.

In the case of PH1, a single mouse model has been developed (101) that is based on the elimination
of the expression of AGT protein (Agxt’” mice) and presents with a milder phenotype of the disease
compared to humans. The animals have high oxalate levels in 24-hour urines, recapitulating the
main alteration of the disease in PHL1 patients. Urinary sediments also revealed the presence of
oxalate crystals. However, they had a normal lifespan and they never developed kidney failure, not
even nephrocalcinosis or urolithiasis. This phenomenon is explained by the fact that the GFR in
mice is very high in relation to their body weight, hence allowing a faster detoxification of the
oxalate and thereby decreasing the probability of formation of CaOx crystals in the tissue.

Nevertheless, this handicap of the model can be solved by challenging the mice with precursors of
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oxalate in the form of HP (83) and EG (101). Another fact that should be taken in consideration is
that the phenotype observed in mice depends on their genetic background, which implicates that
many other variables other than AGT activity are implicated in the progression and severity of the

disease.

Our first goal was to generate a diet-induced hyperoxaluria model in NHPs, in which the safety and
efficacy of an AAV-based gene therapy treatment can be analyzed. As known, HP is metabolized in
the mitochondria to glycolate that is converted into glyoxylate in the peroxisome (Figure 1). Our
working hypothesis was that an overexpression of the AGT protein in a healthy animal prevents an
excessive production of oxalate induced by an oxalate precursor rich diet. Therefore, we first
demonstrated in WT animals, mice and NHP, that a three-day overload challenge with HP led to an
increased oxalate production and its subsequent elimination in urine. However, contrary to what we
had expected, we observed that in mice an increase in the expression of AGT mediated by gene
therapy was not able to decrease the elevated urine oxalate levels. Based on these findings, this diet-
induced acute hyperoxaluria model was considered inadequate to explore the efficacy of gene

therapy treatments in NHPs.

As a consequence, we decided to continue our analysis of the efficacy of new gene therapy and
gene editing approaches using the Agxt” mouse model. As mentioned, PH1 animals have to be
challenged with a precursor of oxalate to increase oxalate levels in urine and to generate
nephrocalcinosis. During the set-up of both HP and EG challenges, a higher sensitivity to oxalate
precursors was observed in PH1 mice. In the case of HP, the animals did not voluntarily take HP
into solid diet, while the oral gavage resulted to be toxic and many animals died. In contrast, EG
challenge could be applied, but if compared with previous published works, the dose had to be
lowered and the time shortened in order to avoid the death of the animals (80,101). This
phenomenon could be caused because living conditions of the animals could change between
different animal facilities, for example, temperature variations could affect the volume of water

consumed by the animal, increasing the amount of EG taken up by each animal.

5.2 Optimization of gene therapy for PH1
5.2.1 Human AGXT codon optimization

Many clinical trials have used codon optimized versions of genes to treat monogenic disorders with
gene therapy (123,128), aiming at increasing the translation speed of the transgene, and as
consequence, the amount of protein that is obtained. As known, the genetic code is degenerated,

meaning that each protein can be potentially encoded by many versions of its mMRNA by using
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synonymous codons. It has been shown that different mMRNA sequences translate into different
amounts of the same protein because the relative abundance of the different tRNAs varies
dramatically (133). Codon optimization of the transgene is based on the generation of synonymous

mutations in order to generate codons recognized by the most abundant tRNAs.

For the purpose of our study, a codon optimized version of the human AGXT gene was generated
(coAGXT) and compared to the WT version (AGXT WT). coAGXT was designed by the Dutch
biotech company uniQure, which produced the AAV vectors carrying both the WT and the co
versions of the AGXT cDNA, and the efficacy of both vectors was tested side by side. The analysis
of protein levels revealed no translation advantage for coAGXT and this was reflected in the
therapeutic efficacy, since oxalate levels were the same in the animals treated with either AAV-
AGXT WT or coAGXT. In conclusion, the codon optimized version of the human AGXT gene used

in this study did not generate a therapeutic advantage in mice.

A possible reason to explain why this approach did not induce higher protein levels and reduced
oxaluria could be that the synonymous changes at mMRNA levels were not a real optimization. Many
scientists are concerned about the meaning and the consequences of synonymous codon changes
(133,172) as they may affect the stability and conformation, post-translational modifications and the
function of the proteins they encode. Moreover, a study published by Rosano et al. demonstrated
that the overexpression of tRNAs corresponding to rare codons in E.coli led to increased protein
levels but made this protein more prone to misfolding and aggregation (173). In fact, many
examples of disease-associated synonymous mutations have been described (174). In this regard,
the codon optimization of the AGXT gene has to be taken with extreme care, due to the tendency of
AGT to misfold, resulting in mistargeting (44) or aggregation (17,64). The AGT protein has a
complex structure and a minimal change leads to the destabilization of the complex folding and to
problems in protein function (44). Therefore, a detailed analysis of the effect of codon optimization
should be performed, which might be complicated due to the high number of possible synonymous
changes.

Even though the dose inoculated in this experiment was higher than the dose used by Salido et al.
(80), the therapeutic effect was smaller. Again, this differences could be explained by the different

sensitivity to EG of the mice used for these experiments.

In conclusion, the codon optimization did not give a therapeutic advantage in the treatment of PH1.
It has to be carefully considered by the field whether it is worth to try and optimize the AGXT gene

with the goal of increasing the protein levels when running the risk of compromising the correct
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folding of the protein. Moreover, AGT is intracellular and its malfunction leads to the
overproduction of oxalate. Therefore, a high percentage of hepatocytes needs to be corrected in
order to lower oxalate to non-damaging levels, implicating that the percentage of transduction may

be more important than intracellular protein levels.

5.2.2 Improvement of AAV-mediated liver transduction efficiency by

changing the route of administration

In order to increase the percentage of AAV-transduced hepatocytes, several strategies can be carried
out. In this project, we hypothesized that a change of the administration route from intravenous to
direct could trigger a higher transduction. In clinical trials of gene therapy treatments directed at the
liver, intravenous administration was performed using AAV vectors with an increased liver tropism
(123,128).

It is known that in rodents, hydrodynamic injection of naked DNA results in a significant
percentage of transduced hepatocytes (145). The hydrodynamic injection is based on the
administration of DNA diluted a large volume, which generates an increase in hepatic pressure that
leads to the enlargement of the endothelial fenestrations, the formation of pores in the hepatocyte
membrane and thus facilitates the entrance of the DNA (145). The same strategy can be employed
to increase the transduction in treatments with AAV vectors. However, the hydrodynamic injection
is impossible to perform in the same way in rodents and in bigger animals or humans. Some groups
described different methods for mimicking this phenomenon in bigger animal models, such as NHP
(141). These methods make use of introducing various catheters and balloons into the hepatic
vessels in order to isolate the hepatic blood flow, to increase hepatic pressure and to administer the
vector in a more targeted manner. Results were promising; however, these systems were only tested
for HDAd delivery and not for AAV vectors.

In the present study, we demonstrated that the administration of an AAV serotype 5 using new
routes directly targeting the liver resulted in a higher efficacy of transduction and increased
transgene expression. We developed a new surgical method directly administering AAV into the
hepatic blood flow. The innovation of the technique is that it did not require isolation of the whole
liver, but instead a balloon catheter was placed in one of the branches of SHV and the vector was
administered in two boli. This way the overall blood flow of the liver was not obstructed at the
same time, which in previous studies was reported to cause a decrease in the blood pressure of the
animals (141). The blood pressure of our animals was maintained at normal levels during the

procedure (data not shown). However, unfortunately the animals of the study were not big enough
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for the catheterization and balloon inflation of the left branch of the SHV. Consequently, we were
forced to administer the whole vector dose on the right side. Nevertheless, in humans administration
on both sides should not be impeded by vessel size. As a proof of principle we performed a pilot
study using two hybrid pigs, which in size are closer to humans and the procedure was easily
performed without causing damage (data not shown). However, the procedure needs to be tested
further in bigger animals in order to determine whether one of the routes of administration will

result in higher expression levels after AAV administration.

In summary, in comparison to 1V injection, higher transgene levels were measured in the serum of
the animals treated via the new routes. Moreover, the spatial distribution of the AAV genome load
was analyzed in different liver sections, revealing higher transduction levels in the regions located
on the right side of the liver, where the new administration procedure was performed. Therefore, the
main goal of increasing liver transduction was achieved. However, the same experiment should be
done using an intracellular reporter transgene that allows imaging of the transduction and the re-

evaluation of the percentage of transduction.

Regarding the safety of the procedures, we only observed a slight increase in liver transaminases
that resulted in no long-term damage for the animals. Interestingly, the viral shedding profile was
found to be different between the three administration procedures. This could be a result of the
procedure: In SHV administration the vector is administered against the blood flow and travels from
the central vein to the edges of the lobule. An increased pressure from the central vein to the portal
triad could push the vector into the bile ducts, which would explain a higher number of vector
genome copies in the feces of animals from the SHV group. In contrast, HA administration follows
the natural direction of the blood, from the portal triad to the central vein. An increase of vector in
the urine of these animals could be explained by a retrograde escape of the vector through the
inferior vena cava to the renal arteries during the balloon occlusion. Another interesting fact is that
the clearance of the vector from the blood is delayed in all animals receiving the vector via the new
routes. One possible explanation is that the vector may be retained in some microvessels coagulated
during balloon occlusion and delivered later. This phenomenon could also explain the measurement
of higher anti-AAV5 capsid antibody levels in some of the animals from the SHV and HA groups
on day 56 after the administration. Regarding the biodistribution, no significant change was

observed.

In addition, the routes described here can be adapted to other goals, such as the fluxing with saline
before vector administration to empty the liver from blood and to allow transduction in presence of

preexisting AAV-specific antibodies. Mimuro et al. successfully administered AAV8 particles to

131



Discussion

NHPs with preexisting antibodies by injecting the vector directly into the portal vein (139). The
portal vein confers an advantage over the HA as the hepatocytes are mainly supplied by portal
blood, which composes around 70-80% of hepatic flow. In spite of the higher blood supply, portal
vein administration is a more complicated procedure and it also bears a higher risk since a
laparotomy has to be performed to reach the vein. Moreover, the use of a balloon catheter placed in
the SHV would favor the retention of the vector in the liver vessels, eliminating the blood supply

factor and favoring the infection of the hepatocytes in an antibody-free environment.

In conclusion, minimally invasive new routes of administration were developed and characterized
for the administration of gene therapy vectors that triggered higher transduction of the liver in

absence of adverse events.

5.3 CRISPR/Cas9-mediated substrate reduction therapy (SRT) for
PH1

The last goal of this project was to develop novel therapeutic alternatives to treat PH1 based on the
recently discovered CRISPR/Cas9 systems. As mentioned, these systems have been used to
generate DSBs in the genomic DNA of eukaryotes, which are repaired by two cellular mechanisms,
NHEJ and HDR.

The ideal gene editing treatment for a genetic disease in which a single gene is affected would be
the correction of the specific mutation or the introduction of a correct copy of the gene in the
genomic DNA; hence, HDR should be employed. However, HDR was found to be very inefficient
in adult cells (165). To improve HDR efficacy some strategies have been suggested. First, it was
shown that the treatment in newborns increased the percentage of HDR-edited hepatocytes from a
maximum of 2.1% in adults to 20.1% in newborns (165). Other studies have demonstrated that the
efficacy of HDR strategy increased due to the selection of corrected hepatocytes, such as in HT1
(163,164). Finally, pharmacological inhibitors of NHEJ pathway were tested to increase HDR
frequency in cells, but this strategy has not yet been tested in vivo (175). Unfortunately, the
strategies mentioned above cannot be applied in PH1. This disease is usually manifested during
childhood, which makes the treatment of newborn impossible unless a newborn screening to search
for mutations in AGXT gene is performed. In addition, in the case of PH1 the corrected hepatocytes
have no selective advantage. In conclusion, the use of HDR to correct the metabolic disorder in PH1

requires the optimization of the HDR to obtain a high percentage of corrected hepatocytes.

132



Discussion

Recently, a new strategy was described, making use of a mixture between NHEJ and HDR. Suzuki
et al. called this process homology-independent targeted integration (HITI). It is based on the
generation of DSBs both in the genomic locus and in the donor template flanking the fragment that
is going to be introduced in the specific genomic site (176). The DSB is subsequently repaired by
NHEJ but during the repair the donor DNA is introduced. This strategy needs to be further

characterized before applying it as treatment.

The difficulties to employ HDR-based strategies led us to design an alternative therapy based on
NHEJ, which has been proven to be very efficient in generating indels in the genomic DNA of
hepatocytes (157,158,161,177). This strategy has been applied successfully, due to the high rate of
NHEJ in adult non-dividing cells. Furthermore, previous experiences demonstrated that SRT using
SiRNAs targeting the Haol gene could be an efficient treatment to reduce oxalate levels (78,86,87).
These findings encouraged us to develop an in vivo treatment using CRISPR/Cas9 to knock out GO

enzyme in the liver.

Our strategy offers some advantages over siRNA-based or small molecule-based inhibition. The
most obvious problem of siRNAs and small molecules is the transient inhibition effect, implicating
that the treatment has to be administered periodically during the life of the PH1 patient to avoid the
overproduction of oxalate (86). In contrast, the strategy developed in this project had a long-term
effect in the PH1 mouse model as a consequence of the introduction of permanent changes in the
DNA, which are also transferred during cell division. Another concern related to siRNAs or small
molecules could be the potential unspecific knock down of other mRNAs or miRNAs with
sequence similarities or inhibition of other protein. However, this is a risk that is also taken in
CRISPR/Cas9-based therapies, where the nuclease can generate DSBs in other genomic regions

leading to unknown effects.

We chose GO as a target due to previous data indicating that it is a safe and efficient target to
reduce of oxalate production in PH1 (78). However, it is not the only possible target for SRT.
Another enzyme, hydroxyproline dehydrogenase (HYPDH), is the catalyst in the metabolism of
hydroxyproline. When Li et al. knocked down HYPDH with siRNAs in vivo in PH1 animal model,
they were able to reduce urine oxalate. In humans, the HYPDH-deficiency is considered a benign
error of metabolism (92). Even though this strategy would avoid the production of oxalate from
hydroxyproline, oxalate would be still generated from glycolate precursors. Another possible
candidate for inhibition is lactate dehydrogenase, or LDH, which is the enzyme that oxidizes
glyoxylate to oxalate. Nevertheless, being an enzyme that is also involved in other metabolic
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processes, the safety of inhibiting LDH is doubtful. In addition, the effect of the accumulation of

glyoxylate is currently unknown.

Permanent inhibition of an enzyme may be associated with the development of unwanted side
effects. However, GO deficiency was detected in a patient, who presented with non-pathogenic
gycolic aciduria as the only symptom, which was induced by the high amount of glycolate
synthesized in the liver, which eliminated in the urine (90). Therefore, GO deficiency was
considered a benign inborn error of metabolism. In addition, glycolate is a very soluble molecule
(calcium glycolate is approximately 15,000-fold more soluble than calcium oxalate) and can easily

be excreted into the urine without causing any damage to the kidneys (91).

Taking into account these findings, we designed a Haol-specific CRISPR/Cas9 system based on
SaCas9 and gRNAs specific for the exon 2 of the murine Haol gene, which was then packaged into
AAV8 vectors to facilitate hepatic delivery in PH1 mice. The system was able to efficiently
generate indels in the targeted locus, which was translated into a dramatic decrease of GO protein
levels in the liver. In addition, GO reduction was found to be therapeutic as a reduction of oxalate in
urine was observed and the kidneys were protected against the accumulation of CaOx crystals
during an EG challenge. This phenotypic effect was maintained over time until at least 4 months
after administration of the vectors. Interestingly, long-term experiments in males revealed that
oxalate levels were normalized to levels observed in WT animals. These results indicate that the
major part of glyoxylate is produced by GO. As expected, glycolate levels were higher in the urine

of animals in which the GO had been knocked out.

In a publication of Li et al., increased oxalate levels were observed in the urine of WT mice treated
with a siRNA in vivo to knock down Haol (83). They hypothesized that this phenomenon could be
a compensatory mechanism to reduce glycolate, where the glycolate is reabsorbed in the kidney and
converted to oxalate in a GO-independent manner. In accordance to this experimental observations,
it has been recently diagnosed a GO-deficient patient with unexplained hyperoxaluria (91). This
patient was born from consanguineous parents, she was diagnosed for congenital hyperinsulinism
and she underwent several hepatic problems. Although AGXT, GRHPR and HOGAL genes were not
mutated, the genetic background of the patient was problematic and the hyperoxaluria could not be
attributed to the defect in GO. The authors hypothesized that it could be caused by the inhibition of
GRHPR activity, which is the enzyme implicated in PH2 and it is also inhibited in absence of
HOGAL activity in PH3 patients. They also suggested that the metabolic environment could be
altered due to the hyperinsulinism. In contrast to these results, in our experience, when GO was

knocked out in PH1 animals the oxalate levels decreased to normal oxalate levels.
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As mentioned, there is a lot of concern about the possible off-target effects of CRISPR/Cas9
therapies. However, the high-throughput sequencing of the top 7 in silico predicted off-targets of
the gRNAs employed in this study revealed no alterations in sequences that are similar to the
gRNA-targets and that are followed by the NNGRRT PAM sequence. However, this gives no
warranty of safety since Schaefer et al. reported many unexpected off-target cleavages in vivo
(178). Nevertheless, these results have been controversial because the vast majority of indels found
in this study were single nucleotide variants (SNV), which can be generated during the repair of a
DSB caused by the cleavage by Cas9 but it is a very rare event (179). Moreover, the off-target sites
seemed to be independent of the sequence targeted by the gRNA and the presence of the PAM
sequence. In conclusion, there still is neither clear evidence nor enough long-term experience to
confirm that the expression of CRISPR/Cas9 systems in eukaryotic cells is not genotoxic. In order
to elucidate if the treatment proposed in this thesis is safe, more profound studies need to be
performed. The treatment has to be tested in NHP, which are more similar to humans than mice, and
in-depth study of genomic changes must be performed by whole genome sequencing to ensure that
there is no off-target effect.

Some technical issues should be addressed at this point, as there is a gap between the quantification
of indels by TIDE or NGS and the resulting observed effect on protein levels. We found an average
of approximately 50-60% of indels in the exon 2 of the Haol gene, while in most of the animals the
GO protein was undetectable by IHC and WB. A possible explanation for this phenomenon is that
the population of cells analyzed differs between the techniques using genomic DNA and the
techniques assessing protein. The Haol gene is present in all cell types, independently of the
expression of the gene, while SaCas9, being under the control of the TBG promoter, is only
expressed in hepatocytes. Hence Haol can only be edited in hepatocytes. Genomic DNA is
extracted from the whole liver, where about 50% of the cell composition corresponds to hepatocytes
and therefore non-edited DNA of other cell types interferes with the results of the sequencing.
However, Haol expression is hepatocyte-specific, implicating that protein expression occurs only
in hepatocytes and thus detection is not altered by other cell populations. Various strategies can be
applied to analyze indels only in hepatocytes: Firstly, hepatocytes can be isolated using a perfusion
system and circulating collagenase to eliminate circulating- as well as epithelial cells. Alternatively
hepatocytes can be sorted by flow cytometry. Another method would be the analysis of indels in
cDNA,; since Haol is only expressed in hepatocytes, Haol mRNA found in the liver originates

from this cell type. This technical issue has also been observed by other groups (157).
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A limitation of our studies is that we were not able to prove the therapeutic efficacy in female PH1
animals. Oxalate levels were monitored in females 4 months after treatment during an EG
challenge. Although there was a trend to a reduction in oxalate levels in treated females, no
significant evidence of efficacy was observed in treated mice versus sex-matched PH1 controls. As
explained, the disease phenotype in the PH1 mouse model is milder in the females (101), which led
us to conclude that the EG dose administered may not have been high enough to increase oxalate
levels. The milder phenotype of females could be caused by a difference in GO levels between
males and females, which were lower in female PH1 animals compared with age-matched males.
Further experiments have to be carried out to set up a new challenge for females and elucidate the
effects of the treatment. In addition, in female studies it could be observed that Haol-g1 produced
indels less efficiently than Hao1-g2, while in males it was the same. This difference might be due to
the lower Cas9 expression observed in the female Haol-gl group, probably due to a technical
problem during the administration of the vector.

For the present study, AAV8 were chosen as vectors because of their high liver tropism (80), which
allowed analyzing the efficacy of the new treatment strategies. Also, AAV vectors have been used
as proof-of-concept of the efficacy of CRISPR/Cas9-mediated SRT. One of the advantages of
AAV-based gene therapies is the long-term transgene expression (128), although this is not a
requisite for CRISPR/Cas9-based strategies: On the contrary, a transient expression of the Cas9
nuclease is sufficient to introduce the modifications of interest in the genomic DNA and reduces the
possibility of having an undesired off-target effect. Moreover, a sustained expression of a foreign
protein, which originated from bacteria, could promote the development of immune responses
against transduced hepatocytes.

Taken together, the next steps in the development of CRISPR/Cas9-based PH1 treatment should be
focused on the optimization of the administration method in order to achieve transient Cas9
expression. Several strategies could fulfill this goal. For example, the therapeutic AAV vectors
could be administered to newborns. It is known that the AAV genomes are diluted during liver
growth and renewal, implicating a loss of transgene expression. Yang et al. demonstrated that the
administration of Cas9-expressing AAVs in newborns triggered a transient expression of the
nuclease because of dilution effect during the growth of the liver (165). However, to date PH1 is not
part of the routine screening of newborn and only diagnosed once symptoms occur, which currently
excludes this option. Another way of expressing Cas9 transiently could be the switch to other viral
vectors, such as first generation adenovirus. These vectors were also tested with Cas9 and a

progressive loss of genomes and expression of the nuclease were reported (158). The main problem
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of adenovirus is their induction of an acute immune reaction and a related high probability of
immunoreactivity against Cas9 (159). Merienne et al. described a self-inactivating Cas9 consisting
of the simultaneous expression of a gRNA targeting the gene of interest and a gRNA targeting the
sequence of the Cas9 itself (181). This strategy would decrease the probability of having an off-
target effect of the Cas9 but the protein would be still expressed and an immune response could be
developed. Lastly, some groups have expressed Cas9 transiently using nanoparticles of different
composition to direct the mRNA of Cas9 to the liver (164,182,183).

In this context it needs to be mentioned that in three of our long-term treated males and in one
female several observations were made that hint at an immune response producing liver damage.
Said animals presented with high levels of ALT and bilirubin in the serum, which is an indicator of
liver damage. Molecular analysis revealed that in these mice the transduction of the liver was lower
compared to the ones that had received the same treatment. In addition, the percentage of detected
indels was also lower. These results could indicate the destruction of transduced hepatocytes.
However, we were not able to analyze the response against SaCas9 protein due to the absence of
proper tools. Others have investigated the host response against Cas9 protein. One publication
analyzed the immune response against SpCas9 when it was expressed in muscle using AAV9 as
carrier (184). In this study the development of a cellular and humoral immune response against
SpCas9 was observed. However, it is known that the expression of a foreign protein in the liver
leads to the development of tolerance for the transgene (185,186), while the probability to induce
immune responses against the transgene is higher in the muscle. Moreover, recent findings indicate
that antibody-mediated and T-cell-mediated responses against this protein are developed in humans
infected with S.pyogenes or S.aureus (180). In conclusion, we should analyze the response in the
PH1 animals, but certain tools, as pure SaCas9 protein or a peptide library, should be produced to
study the host response.

In conclusion, the treatment described here was demonstrated to be efficient in reducing urinary
oxalate levels and kidney damage, and no evidence of toxicity related to the knocking out of GO
enzyme could be observed.

It needs to be explored whether this strategy could be applied to reduce oxalate levels in secondary
hyperoxalurias (SH), which are caused by an excessive exogenous absorption of oxalate or its
precursors. In these cases, the reduction of endogenous oxalate synthesis would contribute to the
reduction of total oxalate. However, the inhibition of GO with CRISPR/Cas9 is permanent and an
in-depth study has to be done to assess whether this therapy would be beneficial for SH or comes

with a high risk.
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Finally, we would like to note that CRISPR/Cas9-based therapies are still far of their application in
the clinical practice. However, these systems comprise a precise tool that can be easily modified to
generate very efficient and effective treatments for inherited diseases. Therefore, more research

must be performed to understand, develop and take advantage of CRISPR/Cas9-based gene editing.
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Conclusions

CONCLUSIONS

1.

The administration of L-hydroxyproline with the diet causes dietary hyperoxaluria in WT
mice and NHPs. However, this model is not useful for the analysis of the efficacy of gene
therapy for PHL1.

The codon optimization of human AGXT delivered by an AAV5 vector did not improve the
therapeutic efficacy achieved with the WT sequence.

The direct administration of AAV5 vectors into the hepatic blood flow using balloon
catheters to increase the exposure to the vector is minimally invasive, improved liver
transduction and did not reveal any toxic effect in NHPs.

A CRISPR/Cas9-based strategy was designed to inhibit GO protein as SRT for PHL.
SaCas9 expression in the liver and GO-specific gRNAs delivered with AAV8 vectors
produced an efficient Haol gene disruption and GO protein reduction.

The inhibition of GO was able to reduce oxalate levels and protected the mice against
accumulation of CaOx crystals in renal parenchyma.

The continuous expression of SaCas9 protein in the liver of PH1 mice was safe and

generated no off-target indels in the highest scoring predicted off-target sites.
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CONCLUSIONES

1. La administracién de L-hidroxiprolina en la dieta causa hiperoxaluria en ratones y NHPs.
Pero este modelo no es adecuado para analizar la eficacia de la terapia génica dirigida a
PH1.

2. La optimizacion de codones del gen humano AGXT expresado mediante un AAV5 no
incrementa la eficacia terapéutica obtenida con la secuencia WT.

3. La administracion directa de vectores AAVS5 en el torrente sanguineo hepético mediante
catéteres con baldn para incrementar la exposicion al vector es un método minimamente
invasivo que mejora la transduccién del higado y no mostro efecto téxico en NHPs.

4. Una estrategia de SRT mediante la inhibicién de GO basada en CRISPR/Cas9 fue disefiada
para el tratamiento de la PH1. La expresion en el higado de la proteina SaCas9 y gRNAs
especificas para GO mediante un AAV8 genera eficientemente errores en el gen Haol y
disminuye los niveles de la proteina GO.

5. La inhibicién de GO redujo el oxalato en orina y protegié a los ratones frente a la
acumulacion de cristales de CaOx en el parénquima renal.

6. La expresion sostenida de la nucleasa SaCas9 en el higado de los ratones PH1 es segura 'y

no genera errores en las secuencias off-target predichas.
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