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ABSTRACT

Adeno-associated viral vectors (AAVs) are the most promising tools for liver-
directed gene therapy. However, integrity of hepatic architecture has been
considered pre-requisite for efficient gene delivery and clinical studies have been
addressed toward patients with no or negligible hepatic damage and fibrosis.
Preliminary evidence suggests that AAV-mediated gene transfer to hepatocytes
may be hampered by liver fibrosis, but knowledge about AAV vector interactions
with fibrotic livers is still very limited. In the present study, we investigated
hepatocyte transduction and biodistribution of AAV8-based vectors, commonly used
in liver-directed gene therapy clinical trials, in the context of liver fibrosis.

Analysis of three mouse models of induced and genetic liver fibrosis revealed that
fibrotic livers are transduced less efficiently by AAV8 and this results from reduced
vector uptake by the liver. Moreover, liver fibrosis altered blood vector clearance
and vector biodistribution in extra-hepatic organs.

Overall, these findings demonstrated that liver fibrosis impairs AAV-mediated gene
transfer to hepatocytes and highlight the relevance of the limitations posed by liver

fibrosis to efficient and safe gene transfer.
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INTRODUCTION

1. Genetherapy

Gene therapy is a medical approach aimed at replacing, manipulating or
supplementing nonfunctional or malfunctional genes with healthy ones to treat
monogenic diseases . The therapeutic gene is administered to patients through a
vector promoting transgene delivery into patients’ cells.

There are two types of gene therapy: in vivo and ex vivo L. The in vivo gene therapy
IS based on the administration of the vector containing the therapeutic gene directly
into the blood circulation to reach target organs. The ex vivo gene therapy consists
in the isolation and manipulation of target cells from patient, that are then infused

back to the patient. This thesis is focused on liver-directed in vivo gene therapy.

1.1 Genetherapy vectors

An ideal gene therapy delivery system should meet all of the following criteria:

= cargo capacity to accommodate gene of interest

= protection of genetic cargo from degradation

= efficient delivery of genetic material to target cells

= favorable safety profile

= economical and feasible for patients
For this purpose, choice of the proper gene therapy vector to targeted cells should
carefully evaluated.
Several in vivo delivery systems have been described so far, including non-viral and
viral vectors. Briefly, both delivery platforms differ on type of vectors, stability,
transduction efficacy, expression of transgene, immunogenicity and costs of
production 2. The first, mostly represented by lipid nanoparticles (LNP) and cationic
polymers, exhibit advantages such as being less cost-effective and having a good
safety profile, but their transduction efficiency and specificity is low 2. Viral vectors,
instead, are derived from natural viruses that were engineered to be safely used for

clinical application 2.

1.2 Adeno-associated viral vectors
Adeno-associated viral vectors (AAVs) have emerged as vector of choice for in vivo
gene therapy in preclinical studies and clinical trials . AAVs is a ~4.7kb single strand

DNA (ssDNA) virus belonging to the Parvoviridae family 4. Its genome includes rep
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and cap gene flanked by two T-shaped inverted terminal repeats (ITRs). The rep
gene encodes four proteins (Rep78, Rep68, Rep52 and Rep40) known to be crucial
for genome replication and virion assembly 4. The cap gene encodes three capsid
proteins (VP1, VP2 and VP3) starting from a single open reading frame (ORF) and
regulated by alternative splicing #. A third gene, encoding the assembly activating
protein (AAP), is encoded within the cap gene and promotes virion assembly ° (Fig.
1). Recently, the membrane-associated accessory protein (MAAP) has been
identified in the cap region and demonstrated its ability to promote AAV replication
and to control adenoviral infection 6.

AAVs have a non-enveloped icosahedral protein capsid of ~26nm consisting of 60
subunits of VP1: VP2: VP3 in aratio of 1: 1: 10. Nine variable regions on AAV capsid
surface have been reported so far, these surface topologies are responsible for
tissue tropism as well as AAV intracellular trafficking and are recognized by

neutralizing antibodies (NAbs) 7 8.

VP1 VP2 VP3
l | I N N 0 U 11
T _ | AAP alternative ORF E
ITR e e
D? o ——e— on
» >l
p5 pl9  p40 o IR
| rep/8 - \
| rep638 } ~
\ rep52 \
‘ rep40 I N~

Figure 1: Genome of adeno-associated vectors

The 4.7kb ssDNA of genome of AAV is reported. The AAV genome is packaged in a non-enveloped
icosahedral capsid containing rep (indicated in light blue), cap (indicated in pink) and AAP (indicated
in grey within the cap gene) flanked by ITRs (T-shape indicated in black). Hypervariable regions are
shown as colored arrows. Regions encoding surface-exposed amino acids are indicated as black

lines on cap genes. Adapted from °.

ITRs are 145 bp long and are necessary for viral genome replication and packaging.

Recombinant AAV (rAAVs) undergo manipulation in order to replace viral genes
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with a DNA of interest 2. During production steps, rep and cap are provided in trans
by a packaging plasmid together with adenoviral helper genes, known to be
essential for replication 1. Thus, the gene of interest is inserted between the ITRs
which are the only cis elements needed to generate rAAV particles.

1.3 AAV biology

To date several natural serotypes have been identified, hundreds of variants
isolated and several others have been generated by vector engineering to improve
AAV-mediated gene delivery °.

AAV-mediated gene transfer efficiency depends on AAV entry, that is determined
by the binding of capsid proteins with receptor and co-receptors of surface of target
cells 12 (Fig. 2). Each serotype is able to recognize distinct cell receptors thus
exhibiting tissue- and cell-specific tropism °. AAV binding to surface receptors
triggers viral particle internalization through endosome-mediated endocytosis 3.
Trapped into the endosomal compartment, AAVs traffic through the cytosol via
cytoskeleton components 4 and undergo pH-dependent structural rearrangement
crucial for transduction 1° (Fig. 2). After endosomal escape, AAVs reach the nucleus
through the nuclear pore complex, capsid is disassembled and its genome is
released 6. Intracellular trafficking consists of multiple processes that can
unsuccess in some steps resulting in incomplete gene delivery and AAV
degradation (Fig. 2). At nuclear level, AAV ssDNA is converted to double-stranded
DNA (dsDNA) 7, transcribed to mRNA and exported to cytosol for translation. ITRs
can trigger inter- and intra-molecular recombination of circularized non replicating
episomal genomes that can persist in the nucleus, leading to gene expression in
post-mitotic cells 8. Importantly, integration events within the host DNA are
occurring even if AAV genome is devoid of rep gene. Integration has been identified
to occur preferentially into the murine Rian genomic locus *°, thus highlighting risk
of insertional mutagenesis related to AAV administration. Moreover, integration
events may interest portion of the AAV genome occurring, even if at low rates, in an

unsupervised manner and not desirable for therapeutic purposes.
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Figure 2: AAV vectors internalization, intracellular trafficking and transduction pathway

(1) AAV binds to receptor and co-receptor on surface of targeted cells. (2) AAV internalization is
mediated through endosome-mediated endocytosis and traffic to the cytosol is dependent on
cytoskeleton. (3) pH-dependent structural changes promote endosomal escape, ubiquitylation (Ub)
and subsequent proteasome degradation can occur. (4) AAV traffics to the nucleus, (5) uncoating of
virions occurs and AAV genome is released. (6) ssDNA is converted to dsDNA, (7) dsDNA is
transcribed into mMRNA and (8) exported to the cytosol for translation and expression of the

therapeutic protein (9). Adapted from 4.

2. Theliver
The liver is one of the largest organs in the body where it orchestrates a huge variety
of functions including metabolism of nutrients, degradation of toxic compounds,

immunologic functions, synthesis of circulating proteins and storage of substances.
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2.1  Liver structure
The liver receives approximately 25% of the cardiac output with a dual blood supply
20: 75% is provided from portal vein while the remaining 25% from the hepatic artery
20, 21 Portal blood originates from gastrointestinal tract while the hepatic artery
branches from celiac trunk and descending aorta. The portal vein divides repeatedly
into smaller venules that finally drains into the sinusoids, the hepatic artery forms
arterioles and capillaries into liver sinusoids too ?1. Both blood sources meets at the
liver sinusoids as a final destination, that is considered a specialized capillaries
network where exchange of nutrients occurs between perisinusoidal space and the
sinusoids ?. Once filtered through sinusoids blood flow tills the central vein where

it leaves the liver through the hepatic vein 2! (Fig. 3).

P-C axis

Figure 3: Liver lobule structure and hepatic cell types

Basolateral membranes of hepatocytes are decorated with microvilli and are in contact with
perisinusoidal space allowing for nutrients and molecules sequestration. SECs delimitate hepatic
sinusoids that are dispersed with KCs. HSCs are localized within the perisinusoidal space. Adapted

from 22,

The functional unit of the liver is the lobule, characterized by a typical hexagonal
shape ?° hosting the central vein at its center 22 (Fig. 3). Hepatocytes, representing
the 60% of hepatic cell type and performing the majority of the hepatic functions,
radiate from the central vein to the edge of the lobule 23. The space between
radiating hepatocytes is represented by sinusoids, canals of 8-10um, lined with
endothelial cells (SEC) and hosting Kupffer cells (KC), hepatic resident
macrophages and are dispersed within the sinusoids allowing for pathogens
removal and phagocytic activity 2% 23 24,

SECs are devoid of basement membrane to promote exchange of nutrients and
molecules between perisinusoidal space and blood ?!. Substances can diffuse
through the fenestrations of sinusoids (approximately 100nm in diameter) into the
space of Disse and be taken up by hepatocytes 2°. Hepatic stellate cells (HSC) are

localized in the perisinusoidal space and contain lipid droplets enriched with vitamin
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A %4 HSCs are activated by stressful conditions and differentiate into myofibroblast-
like cells deposing huge amounts of extracellular matrix (ECM) components in the
perisinusoidal space in response to chronic liver injuries ?1. Thanks to its size of
approximately 25nm 25, blood-borne AAV can cross fenestrations of hepatic

sinusoids and easily access space of Disse and infect hepatocytes 2°.

2.2  Liver fibrosis

Liver fibrosis is a pathological condition that arises in response to chronic hepatic
insults and is characterized by abnormal deposition of ECM components in the
hepatic parenchyma 23. Alcohol and drug abuse, viral hepatitis, genetic disorders
and cholestatic diseases represent some of the causes responsible for liver fibrosis.
If chronic injury persists, liver fibrosis can progress to cirrhosis which is
characterized by altered organ architecture, aberrant vasculature and multiple
regenerative nodules resulting in portal hypertension, hepatocellular carcinoma
(HCC) and organ failure 26.
Various biological and physical changes occur during fibrosis development and
progression:

i. immune cells infiltration to promote tissue repair 22 and inflammatory

cytokines secretion 26;

ii. deposition of fibrogenic type | and Il collagens within the perisinusoidal
space resulting in disruption of radial arrangement of hepatocytes 23 2;

iii. accumulation of ECM also conferring a mechanical rigidity to the liver and
leading to intrahepatic vasoconstriction, vascular resistance and portal
hypertension 23;

iv. loss of sinusoidal fenestration and hepatocytes microvilli, thus hampering
exchange of nutrients and molecules 3.

Noteworthy, until decompensated cirrhotic stage is reached, liver fibrosis could be

reverted if the insult is removed 26.

2.3 Models of liver fibrosis
Numerous models of liver fibrosis have been described so far 27. In the present
thesis, we focused on acquired (hepatotoxin-induced models) and genetic models
of liver fibrosis, that are characterized by a different fibrosis pattern and progression
and are representative of the fibrosis scenarios occurring in humans.
Thioacetamide (TAA) is a well-known inducer of liver damage and fibrosis. TAA is

a thiono-sulfur compound metabolized by hepatocytes in S- and S-S bioactive
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oxides, intermediates responsible for hepatotoxicity induction, and result in
pericentral fibrosis, that progresses to pan-lobular fibrosis at later stages 2.
Several genetic disorders are characterized by liver fibrosis, including familiar forms
of cholestasis, Wilson disease and a-1 antitrypsin deficiency 22. The Atp7b’- mouse
29 recapitulates several features of the Wilson disease (WD), an autosomal
recessive disorder of copper metabolism. In this mouse excessive hepatic copper
storage starts in the first weeks of life and liver develops steatosis and mild
inflammation by six weeks of age, progressing into hepatitis, necroinflammation and
extensive perisinusoidal fibrosis by the age of eighteen to twenty weeks .

The Abcb4”- mouse is a widely used model of biliary fibrosis and resembles clinical
features of progressive familial intrahepatic cholestasis type 3 (PFIC3) and primary
sclerosing cholangitis 3% 32, ABCB4-deficiency results in toxic bile acid accumulation
in hepatocytes and bile, triggering profibrogenic cholangiocyte response. Abch4
mice develop moderate fibrosis by three weeks of age and severe portal fibrosis

with ductular reaction by ten-twelve weeks of age 2.

3.  Liver directed gene therapy
The liver represents an attractive organ for gene therapy of genetic disorders due
to deficiency of enzymes operating in hepatocytes or diseases that can be
ameliorated by proteins produced and secreted by hepatocytes 2°. Moreover,
several non-viral and viral vectors can achieve efficient gene transfer to hepatocytes
34 AAV are currently the vector of choice and two AAV-based products for the
treatment of hemophilia A and B have recently achieved market authorization 35 36,
Dozens of clinical trials are currently in the pipeline for liver indications, employing

both natural and engineered AAV variants 34,

3.1 Natural AAV serotypes for liver directed gene therapy

Natural AAV serotypes have been isolated from human and non-human primates
(NHPs) and are classified in clades based on their sequence homology and
seroreactivity 7. So far, 13 serotypes have been described, while hundreds of viral
isolates have been retrieved from mammals and other animal species 8.

Previous works evaluated ability of natural serotypes to transduce the liver: AAV5,
AAV8 and AAV9 being the most common variant used in clinical trials for liver-
directed gene therapy % 253439 Nevertheless, recently the AAV3B was found to be
more efficient in transduction of both NHP and human hepatocytes in humanized

mouse models 40: 4142,
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Each serotype can interact with specific receptor and co-receptor to promote
intracellular uptake of the virus. To date, different receptor and co-receptor
responsible for surface interaction in targeted tissue of AAV serotypes have been
identified so far 3. AAV8 primary receptor(s) responsible for surface recognition in
host cells are still unknown while AAV receptor (AAVR) 4 and the 37/67-kDa laminin

receptor (LamR) 4, 44 have been associated as co-receptor for this serotype.

3.2 Engineered AAV variants
Engineering AAV capsids have acquired lot of interest in the last decade. Novel
capsid development can account on four different approaches: natural discovery,
rational design, directed evolution and in silico design 1° (Fig. 4).
Natural discovery is based on isolation of novel AAV variants from human and non-
human sources. Noteworthy, most of the vectors that reached clinical stage have
been isolated from natural sources, in particular from primates. Variants isolated
from other vertebrates have the lowest theoretical chance of being recognized by
pre-existing NAbs in patients 19, but they may also exhibit lower transduction
efficiency in humans.
Rational design of capsid modifications consists of targeted crafting of capsid
peptide sequence to influence specific interactions with cell receptors or antibodies
45, To this aim, specific peptide sequences or variable fragments are introduced on
capsid surface to improve cell- or tissue-specific receptor binding °. However,
knowledge about the interaction of the AAV capsid with target cells is needed.
Moreover, peptide insertion can also occur on the 3-fold protrusion of the capsid
which are known to be tolerant to modification, influence tissue tropism and
modulate immunogenicity of the capsid 1°. This was the case for AAVSS3, tested in
clinical trials to treat Hemophilia B 46 and Fabry disease 4/, that was rationally
designed to improve hepatic transduction by merging VP1 region from AAV8 with
VP2 and VP3 from AAV3B capsid “.
In silico design consists of computational tools to design AAV capsid without
needing of capsid biology knowledge 0. High-throughput sequencing and
bioinformatic tools can be used to design combinatorial capsid variants by virtually
modifying variable regions on the surface of the capsid 4°. Moreover, in silico
phylogenetic and statistical tools can promote identification of intermediate or
ancestral serotypes. Anc80, predicted ancestor of AAV1, AAV2, AAVS8, and AAV9,
was identified as gene therapy vector to target liver, muscle and retina ° by in silico

design.
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Directed evolution mimics natural evolution by applying a selective pressure (e.g.
the ability to infect a specific cell type) to promote the emergence of genetic variants
that confer specific biological properties to the AAV capsid . The process involves
the generation of large genetic libraries of cap genes, encoding for capsid proteins,
by fragmentation and reassembly (shuffling) of cap sequences from existing AAV
serotypes or by random mutagenesis by error-prone PCR. AAV libraries undergo
rounds of in vivo selection. Directed evolution has been successfully employed to
generate novel AAV variants for liver-directed gene therapy: AAV-DJ resulted from
the evolution of natural occurring AAVs in human hepatocytes incubated with
human immunoglobulins, to confer NAb-evasion properties 51, while AAV-LK03 was
developed by directed evolution in mouse models with human hepatocyte
xenografts %2 and is currently under clinical investigation for hemophilia A
(NCT03734588, NCT03003533) and methylmalonic acidemia (NCT04581785).

Taken together these approaches can contribute to design and identification of AAV
capsid variants with desired properties aimed at increasing transduction efficiency

in targeted cells or tissues and reducing AAV immune interactions.
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Figure 4: Methods for capsid discovery and engineering

(A) Directed evolution is based on capsid shuffling and error-prone PCR to generate novel capsid
variants. (B) Natural occurring AAVs are isolated from human and non-human sources. (C) Rational
design is based on knowledge on capsid biology as well as host cell targets to specifically recognize
cell- or tissue- receptor and evade immune recognition. (D) In silico design consists of computational

approaches to predict capsid variants not identified in nature. Adapted from 19,

3.4 AAV Gene therapy in the context of liver fibrosis
Intact hepatic architecture has been so far considered a prerequisite for efficient
gene transfer using AAVs and patients presenting clinically relevant liver fibrosis are
currently excluded from clinical trials. Indeed, fibrosis development and progression
result in several biological and physical changes that may affect liver-directed gene
therapy efficacy and safety:
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i.  deposition of extracellular matrix in the perisinusoidal space and loss of
sinusoid fenestrations, that reduce vascular permeability and may hamper
the contact of blood-borne vectors with hepatocytes °3;

ii. infiltration and proliferation of immune cells, that may result in enhanced
vector scavenging and immune reaction toward the vector 5% 55;

iii.  inflammation associated to fibrosis, which may contribute to priming of

immune cells °¢;
Iv. regenerative response to hepatocellular damage, resulting in increased
hepatocyte proliferation and rapid episomal vector dilution 7.

Taken together modification altering hepatic architecture occurring in presence of
liver fibrosis are expected to influence AAV-mediated hepatic transduction.
To date, very few studies have investigated the delivery of AAV vectors in animal
models of fibrotic liver diseases, while no data are available from human studies.
Adenoviral vectors have been previously reported to show a reduced transduction
efficiency in cirrhotic rat livers, suggesting that distorted liver architecture affected
hepatocytes transduction %8, Another study demonstrated AAV1 administration in
cirrhotic versus non cirrhotic rats showed similar hepatocyte transduction levels .
It should be noted that AAV1 is not an hepatotropic serotype 3 and it is able to
transduce mouse hepatocytes at low levels 0. AAV8 vectors administered in Abch4-
I mouse exhibited a remarkable reduction in transgene expression if injected after
liver fibrosis development 6. Moreover, AAV8 administered to Atp7b”- mouse failed
to reach therapeutic efficacy in presence of established hepatic fibrosis 2. Liver
fibrosis might represent a physical barrier to AAV vectors delivery to hepatocytes as
well as alter AAV tropism to its specific targets. This is the case for AAV2 that
showed tropism for hepatic stellate cells in carbon tetrachloride-induced liver fibrosis
63, Taken together, these findings suggest that liver fibrosis hampers hepatocyte
transduction and its effect may be dependent on AAV serotype. The present thesis
highlights the importance of a deeper investigation and characterization of how liver
fibrosis influences AAV-mediated hepatic transduction.
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AIMS OF THE THESIS

The overall objective of this thesis was to investigate the effect of fibrosis on liver-

directed gene therapy mediated by AAV vectors.

The first aim was to evaluate effect of liver fibrosis on AAV vector transduction
efficiency. To this aim, AAV2/8 particles packaging an enhanced green fluorescent
protein (eGFP) under the control of thyroxine-binding globulin (TBG) were
administered to animal models with liver fibrosis. | investigated AAV vector
biodistribution and transduction of hepatocytes in different mouse models with liver

fibrosis.

The second aim was to develop novel synthetic AAVs to efficiently transduce
hepatocyte in genetic diseases with liver fibrosis. We generated a library of chimeric
AAV capsids and will select the best at infecting hepatocytes in mouse models of

liver genetic disorders with fibrosis using directed evolution approach.
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MATERIALS AND METHODS

Plasmids
Plasmids used for AAV vector production were AAV2/8 indicating the virus is
containing genome of serotype 2 packaged into capsid from serotype 8. eGFP was
subcloned into pAAV2/8 under the control of TBG promoter for in vivo studies.
Expression cassettes also included Simian virus 40 (SV40) intron, woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE), and bovine growth
hormone polyadenylation signal (0GHpA).

AAV vector production
AAV2/8 vectors were produced by InnovaVector (Pozzuoli, Italy) by triple
transfection of HEK293 cells with (i) TBG.eGFP; (ii) pTigem Helper, which supplies
the adenoviral genes for replication; and (iii) pTigem Rep/Cap, which contains the
gene sequence for the replication protein (rep) of AAV2 and for the capsid (cap)
proteins of the selected serotype. AAV2/8 vectors were then purified by two rounds
of CsCl2 gradients. Physical titers of the viral preparations (genome copies per
milliliter) were determined by real-time PCR quantification using TagMan (Applied
Biosystems) and dot-blot analysis. The final titer of each preparation was calculated

as the average between the PCR quantification and dot-blot results.

Animal procedures
Mouse procedures were carried out in accordance with the regulations and
authorized by the Italian Ministry of Health. C57BL/6 wild-type mice (Charles River
Laboratories), Atp7b”- and Abcb4-- mice were housed under specific pathogen-free
condition at TIGEM animal facility (Pozzuoli, Italy) with 12-hour light/dark cycles and
received food and water provided ab libitum. Atp7b”- and C57BL/6 male mice were
used for experimental procedures, while for studies in Abcb4/- mice both male and
female mice were employed. C57BL/6 wild-type mice were administered with
increasing doses of TAA or vehicle (PBS) as previously reported 27 for 12 weeks
and then intravenously (i.v.) injected with an AAV8 vector encoding GFP under the
control of TBG promoter (AAV2/8.TBG.eGFP) at the dose of 1X10*2 gc/Kg. C57BL/6
wild-type mice were sacrificed 4 weeks post-AAV injection. Atp7b”- and Abcb4-
mice were injected with an AAV8 vector encoding GFP under the control of TBG
promoter (AAV2/8.TBG.eGFP) at the dose of 5X10'? gc/Kg and harvested 2 days
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and 14 days post-injection. Blood samples were collected from all the animal models
at 0-, 1-, 3-, 6- and 24-hours post-injection. At sacrifice, animals were perfused with

PBS and livers were harvested for further analysis.

Blood collection and analysis

Blood was collected by tail bleeding and placed in lithium heparin—coated vessels.
Serum was separated by centrifugation and stored at -20°C prior to analyses.
Genomic DNA was purified using NucleoSpin® Blood according to manufacturer’'s
protocol (Macherey-Nagel) and evaluated by real-time PCR targeting the TBG
sequence, using the Quantitect Sybr Green Kit (Qiagen, Germantown, MD).
Standard curves were generated using serial dilutions of linearized plasmid
containing TBG eGFP.

Vector copy number analysis

Using standard phenol-chloroform and ethanol precipitation methods genomic DNA
was extracted from 30-50 mg of snap-frozen liver, spleen, kidney, lung, brain, bone
marrow and heart. Briefly, total DNA was isolated from liver tissues with Hirt solution
(10mM Tris, 10mM EDTA pH 7.5, and 0.6% SDS) supplemented with 20 pg/uL
overnight at 55°C under movement. 100 pg/uL of RNAse A were added to the
mixture and incubated for one hour at 37°C. DNA was recovered after two rounds
of phenol-chloroform and over-night precipitated in ethanol supplemented with 3M
sodium acetate. Pelleted DNA was centrifuged at maximum speed for 60’ at 4°C,
washed twice with 70% ethanol, dried at 55°C and resuspended in MQ H20.
Vector copy numbers were determined by quantitative real-time PCR targeting the
TBG sequence, using the Quantitect Sybr Green Kit (Qiagen, Germantown, MD).
Standard curves were generated using serial dilutions of linearized plasmid
containing TBG eGFP.

Histology and immunofluorescence
Livers from PBS-perfused mice were fixed in 4% paraformaldehyde for 12 h, stored
in 70% ethanol, and embedded in paraffin blocks.
For Sirius red staining, 5-um-thick sections were rehydrated and stained for 1 h in
picrosirius red solution (0.1% Sirius red in saturated aqueous solution of picric acid).
After two changes of acidified water (0.5% acetic acid in water), sections were

dehydrated, cleared in Sub-X, and mounted in a resinous medium.
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Livers from PBS-perfused mice were fixed in 4% paraformaldehyde for 12 h,
cryopreserved in 10%-30% (wt/vol) sucrose, frozen in optimal cutting temperature
compound (Tissue-Tek O.C.T.; Kaltek) in OCT blocks.

For immunofluorescence staining eGFP expression was evaluated on 5 ym frozen
sections were permeabilized with 0.2% Triton X with 75mM NH4Cl in PBS for 30’ at
room temperature. Sections were washed twice in PBS and blocked for 60’ at room
temperature with 5% donkey serum, 3% BSA, 20mM MgClz, 0,3% Triton X in PBS.
First antibody was incubated overnight at 4°C using chicken GFP (Abcam,
Cat#13970). The day after, sections were washed twice with 0,2% Triton X in PBS
and incubated for 60’ at room temperature with donkey anti-chicken Alexafluor 488
(Invitrogen, Cat# A78948) and DAPI (Invitrogen, Cat#1306). Sections were washed
twice with 0,2% Triton X in PBS and mounted with mowiol mounting medium.
Images were captured by Axio Scan.Z1 microscope (Zeiss) and analyzed using
ImageJ software for quantification of Sirius red positive and GFP positive areas. At

least five images for each mouse were analyzed.

Western blot analysis
30 mg of snap-frozen livers were lysed in RIPA buffer supplemented with proteases
and phosphatases inhibitors (Sigma). Liver samples were disrupted using
TissueLyzer LT (Qiagen) for 3’ at 30Hrtz. Lysates were incubated for 30 min on ice
and centrifuged for 20 min at maximum speed at 4°C. Supernatant was collected
and protein content was determined by Bradford assay (Bio-Rad). Protein samples
were separated by SDS-PAGE by using 4%—-12% polyacrylamide gels (Bio-Rad).
Primary antibody rabbit anti-GFP (Santa Cruz; Cat#sc-8334); mouse anti-B-actin
(Novusbio; Cat#NB600-501H) and rabbit p115 (from De Matteis’ lab, TIGEM) were
diluted in TBS-T (0.8% NaCl, 0.02% KClI, 0.3% Tris-base-0.1% Tween 20)/5% milk
(Bio-Rad). Proteins of interest were detected with horseradish peroxidase (HRP)-
conjugated goat anti-mouse and goat anti-rabbit IgG antibody (GE Healthcare).
Peroxidase substrate was provided by ECL Western Blotting Substrate kit (Pierce).

Shuffled AAV capsid plasmid libraries generation
Development of AAV capsid variants with improved hepatocytes transduction in
fibrotic livers was performed as previously reported with minor modifications by
directed evolution 5 5% 6465 Differently from capsid engineering by rational design,
directed evolution can be applied without any knowledge of the underlying

mechanistic basis. Shuffled cap gene libraries were generated starting from 20
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parental cap genes, including natural and synthetic variants. Based on this
approach shuffled cap gene libraries have been generated using natural and
synthetic AAVs. Briefly, parental cap genes underwent fragmentation using DNAsel
(Roche) at 1:10 dilution in DNAsel buffer and using 1ug of each cap gene per library.
Reaction was incubated for 5 minutes at room temperature and loaded on 1,5%
agarose gel to evaluate digestion procedure, DNAsel digestion was repeated until
fragments reached size between 1000 and 200bp °. Fragmentation was interrupted
via heat inactivation and fragmented cap genes were agarose gel extracted
(Qiagen). After DNAsel fragmentation reassembly of the fragments was promoted
by a primer-less PCR step, in which they self-prime based on their partial
homologies and assembled into chimeric cap sequences. Next a primer-less PCR
was performed using 500ng of DNAsel-fragmented cap genes as a template and
Phusion Hot Start Flex DNA Polymerase (NEB) at the following conditions: 30
seconds at 95°C; 40 cycles of 10 seconds at 98°C, 30 seconds at 42°C, 45 seconds
at 72°C; 10 minutes at 72°C. Using primers binding to signature region designed
outside of cap genes we tested various shuffled PCR conditions, the best one was
obtained using 0,5uL of unpurified primer-less product with the following conditions:
30 seconds at 98°C; 25 cycles of 10 seconds at 98°C; 15 seconds at 62°C; 1
minutes at 72°C; 10 minutes at 72°C. An additional extension step was performed
for 10 minutes at 72°C by diluting shuffled PCR products with two volumes of fresh
reaction components. Prior to shuffled cap genes gel extraction PCR products were
loaded on 1% agarose gel to confirm a band at the molecular weight of 2.200bp.
Shuffled PCR products were purified by agarose gel extraction (Qiagen) and used
as a template for a second primer PCR that promoted amplification of full-length
shuffled variants . PCR products underwent purification using Qlaquick PCR
purification kit (Quiagen) plus AMPure XP beads (Beckman Culturer) purification
and were subcloned into the Zero Blunt™ TOPO™ PCR cloning kit (Invitrogen) to
confirm reassembly of the full-length cap as well as shuffling of the cap genes by
Sanger sequencing. Shuffled cap genes obtained so far were subcloned in cloned
into a replication- and packaging-competent barcoded recipient plasmid, including
AAV?2 inverted terminal repeats (ITRs), and rep gene ° using both restriction cloning
and ligation-independent cloning method. Random barcodes have also been
inserted to easily identify and track AAV variants trough evolution passages %67, At
least twenty of the full-length shuffled cap genes obtained underwent single colony
isolation and Sanger sequencing to assess reassembly into chimeric capsid.
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Shuffled re-assembled cap genes cloned into Zero Blunt™ TOPO™ PCR cloning
kit (Invitrogen) were restriction digested to perform sticky ends ligation as well as
used as template to set up InFusion seamless cloning (Takara Bio) and NEBuilder®
HiFi assembly DNA cloning kit (NEB) to achieve subcloning into barcoded recipient
plasmid. Stellar™ competent cells (Takara Bio), NEB® 5-alpha competent E. Coli
(NEB) and Endura™ electrocompetent cells (Biosearch Technologies) were used
for competent cells transformation and subcloning according to the protocol

reported by the manufacturer.

Statistical analysis
All statistical analysis were calculated using GraphPad Prism 7. Data comparisons
were performed using Student’s t test, analysis of variance (ANOVA) (one-way or
two-way) and area under the curve analysis (AUC) with Sidak’s and/or Tukey’s
multiple comparison test. P values of <0.05 were considered significant.
Experimental group sizes are reported in the figures as N in the caption of each

figure. Data are shown as average * standard error of mean (SEM).
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RESULTS

Aim 1: AAV transduction in fibrotic livers

AAV-mediated hepatocyte transduction in acquired model of liver fibrosis

To investigate the effect of liver fibrosis on AAV-mediated gene delivery to
hepatocytes TAA was administered to promote liver fibrosis 7. To this aim, C57BL/6
wild-type mice were treated with increasing doses of TAA for 12 weeks to induce
advanced fibrosis/cirrhosis and then intravenously injected with AAV2/8. TBG.eGFP
at the dose of 1x10'® gc/Kg. (Fig. 5). Blood samples were collected at 1-, 6-, 12-,
and 24-hours post-injection to evaluate blood clearance rate of AAV vector. Four

weeks post-injection organs were harvested for further analysis.
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Figure 5: Schematic representation of TAA administration and AAV2/8.TBG.eGFP injection to
C57BL/6 mice

Mice were administered with TAA at increasing doses from 6- to 18-weeks of age. At 12 weeks of
age TAA was interrupted and AAV2/8.TBG.eGFP was intravenously injected at 1X10*2 gc/Kg. Blood
samples were collected at 0-, 1-, 3-, 6- and 24-hours post-injection. Mice were sacrificed 4 weeks

post-injection. Image created using BioRender (https://biorender.com/).

We first confirmed liver fibrosis induction by TAA. TAA-treated mice showed
increased collagen deposition by Sirius Red staining compared to vehicle treated

control mice (Fig. 6A-B).
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Figure 6: TAA-induced liver fibrosis in C57BL/6 mice

(A) Representative Sirius red staining of N=6 PBS- and N=8 TAA-administered C57BL/6 mice
sacrificed at 28 days post-injection. Scale bar: 100um. (B) Quantification of Sirius red positive area.

Data are expressed as percentage over total area. Unpaired t-test. **p<0.01. Data are expressed as
mean +SEM.

Immunofluorescence on liver sections showed reduced GFP expression in TAA-
compared to PBS-administered mice (Fig. 7A-B), that was further confirmed by
western blot analysis on whole liver lysates (Fig. 7C-D), supporting the hypothesis

that liver fibrosis reduces hepatocytes transduction.
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Figure 7: TAA-induced liver fibrosis reduces hepatocyte transduction

(A) Representative immunofluorescence staining on liver sections using anti-GFP antibody of N=6
PBS- and N=8 TAA-administered C57BL/6 mice sacrificed 28 days post-injection. Scale bar: 100um.
(B) Quantification of GFP positive area. Data are expressed as percentage of GFP area normalized

to nuclei count. Unpaired t-test analysis. ***p<0.005. (C) Western-blot analysis on liver lysates of
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C57BL/6 mice sacrificed 28 days post-injection using anti-GFP antibody. B-actin was used as loading
control. (D) Quantification of band intensities in western blot analysis. Unpaired t-test analysis.

****p<0.001. Data are expressed as mean +SEM.

Impaired hepatocyte transduction was associated with lower hepatic vector genome

content in fibrotic mice (Fig. 8).
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Figure 8: Reduced vector genome content in livers from fibrotic mice

Vector genome copies (GC) in liver by qPCR of N=6 PBS- and N=8 TAA-administered C57BL/6 mice
sacrificed 28 days post-injection. Unpaired t-test analysis. ***p<0.005. Data are expressed as mean
+SEM.

Next, vector clearance from the bloodstream was investigated by gPCR analysis of
vector genome copies (gc) on serum samples. Serum genome content in non-
fibrotic control mice peaked at 1 h post-injection and rapidly declined thereafter.
Conversely, TAA-treated mice showed increased blood genome content at 1h post-
injection and delayed blood clearance compared to control mice [Area under the
curve (AUC): PBS 487,695; TAA 3,080834, t-test: 0.0073] (Fig. 9A), suggesting that
liver fibrosis is impairing vector blood clearance. Analysis of extrahepatic organ
revealed a trend increase in vector gc in lungs from TAA-treated mice to controls
(Fig. 9C), while spleen and bone marrow showed similar vector genome content in

fibrotic and non-fibrotic mice (Fig. 9B-D).
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Figure 9: Vector genome content in serum and extra-hepatic organs

(A) Vector genome copies (GC) in serum by gPCR of N=6 PBS- and N=8 TAA-administered C57BL/6
mice. Area under the curve and paired t-test analysis. t-test: **p<0.01. Analysis of vector genome
copies by qPCR in (B) spleen, (C) lung and (D) bone marrow of C57BL/6 mice sacrificed 28 days

post-injection. Unpaired t-test. Data are expressed as mean +SEM.

Overall, these data suggested that liver fibrosis strongly impaired hepatocyte
transduction by AAV8-based vectors and may result in delayed blood clearance and
altered biodistribution.

Liver fibrosis impairs hepatocyte transduction by AAVS8 in Atp7b” mice

We next investigated the impact of fibrosis on AAV-mediated liver-directed gene
therapy in a disease-relevant context, using mouse models of inborn errors of
metabolism characterized by liver fibrosis. The Atp7b’ mouse 2° recapitulates
several features of Wilson disease and has been extensively used to study disease
pathogenesis and test novel therapies. In this mouse hepatic copper accumulation
starts in the first weeks of life and liver develops steatosis and mild inflammation by
six weeks of age, progressing into hepatitis, necroinfammation and extensive
perisinusoidal fibrosis by the age of eighteen to twenty weeks .

Male 18-week-old Atp7b”-mice and Atp7b*-healthy control mice were intravenously
injected with AAV2/8.TBG.eGFP vector at the dose of 5x10'? gc/Kg and sacrificed
14 days post-injection to evaluate AAV transduction. At sacrifice, Atp7b’ and

Atp7b*- control mice showed increased body weight and a trend increase in liver to
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body weight ratio (Fig.10A-B). Atp7b- livers showed moderate to severe liver
fibrosis (Fig 11A-B), that was associated with a significant 50% reduction of GFP*
cell number and GFP protein levels compared to controls (Fig.11C-F). Moreover,
Pearson’s correlation analysis revealed a significant inverse correlation between
liver fibrosis and AAV transduction efficiency (Fig. 11G).
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Figure 10: Body weight and liver to body ratio in Atp7b~- mice

Body weight (A)and liver to body weight ratio (B) of N=5 Atp7b*-and N=7 Atp7b-- mice injected with
AAV2/8.TBG.eGFP at 18 weeks of age and sacrificed14-days post-injection. t-test analysis. *p<0.05.
Data are expressed as mean +SEM.
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Figure 11: Liver fibrosis impaired hepatocyte transduction in Atp7b” mice
(A) Representative Sirius red staining of N=5 Atp7b*-and N=7 Atp7b’ mice harvested 14 days post-

injection. Scale bar: 100um. (B) Quantification of Sirius red positive area mice per group. Data are
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expressed as percentage over total area. Unpaired t-test analysis. *p<0.05. (C) Representative
immunofluorescence staining on liver sections using anti-GFP antibody Scale bar: 100um. (D).
Quantification of GFP positive area. Data are expressed as percentage of GFP area normalized to
nuclei count. Unpaired t-test analysis. **p<0.01. (E) Western-blot analysis on liver lysates using anti-
GFP antibody. p115 was used as loading control. (F) Quantification of western blot band intensities
levels. Unpaired t-test analysis. **p<0.01. (G) Correlation analysis between Sirius red positive area
and GFP positive area of N=5 Atp7b*- and N=5 Atp7’ mice per group. Two-tailed correlation

analysis. **p<0.01. Data are expressed as mean +SEM.

Consistent with transduction impairment, vector genome content is reduced in
Atp7b”- compared to Atp7b*- livers (Fig. 12).
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Figure 12: Reduced hepatic vector genome content in fibrotic Atp7b- mice

Vector genome copies (GC) in liver by gPCR of N=5 Atp7b*- and N=6 Atp77 mice per group.

Unpaired t-test analysis. *p<0.05. Data are expressed as mean +SEM.

Chronic liver damage is usually associated with a regenerative response, and
hepatocyte proliferation in response to copper accumulation has been described in
Atp7b” mice 68 Therefore, we wonder whether reduced transduction efficiency
observed at 14 days post-injection was due to reduced vector uptake by the liver or
by episomal vector genome dilution over hepatocyte replication cycles. To address
this point, we injected Atp7b”- and Atp7b*- mice at 18 weeks of age with the same
dose of AAV2/8.TBG.eGFP and sacrificed them after 2 days post-injection to avoid
vector dilution effect. Presence of liver fibrosis in Atp7b”- mice was confirmed by
Sirius Red staining (Fig. 13).
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Figure 13: Sirius Red of Atp7b mice injected with AAV2/8.TBG.eGFP at 18 weeks of age and
harvested 2 days post-injection

Representative Sirius red staining of Atp7b mice harvested 2 days post-injection (A). Quantification
of Sirius red positive area of N=7 Atp7b*-and N=10 Atp7- mice per group. Data are expressed as

percentage over total area (B). Data are expressed as mean +SEM. t-test: *p<0.05.

Analysis of vector blood clearance by gPCR analysis showed a significant increase
of circulating vector levels in Atp7b”- mice compared to controls Atp7b*-mice [AUC:
Atp7b*-:832,184; Atp7b’: 1,396,217, t-test: 0.0193] (Fig. 14).
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Figure 14: Vector genome copies in serum of Atp7b mice injected with AAV2/8.TBG.eGFP

Vector genome copies (GC) in serum by gPCR of N=13 Atp7b*-and N=10 Atp7-- mice. Area under

the curve and paired t-test analysis. t-test: *p<0.05. Data are expressed as mean +SEM.

Nevertheless, mice sacrificed 2 days post-injection revealed a remarkable reduction
of hepatic genome content in fibrotic versus non-fibrotic mice (Fig. 15), suggesting

that liver fibrosis impaired vector uptake by the liver.
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Figure 15: Fibrosis impairs vector uptake by the liver in Atp7b” mice

Vector genome copies (GC) by gPCR in livers from N=13 Atp7b*-and N=11 Atp7b” mice. Unpaired

t-test analysis. ***p<0.005. Data are expressed as mean +SEM.

Conversely, Atp7b”- mice showed significantly increased vector genome content in
the kidney and a trend increase in lung and brain compared to controls, while a
similar vector genome was retrieved from other tested organs in fibrotic and non-
fibrotic animals (Fig. 16, A-F).
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Figure 16: Vector genome content in extra-hepatic organs from Atp7b” mice
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Analysis of vector genome copies (GC) by gPCR in (A) spleen, (B) kidney, (C) heart, (D) lung, (E)
bone marrow and (F) brain from N=13 Atp7b*- and N=10 Atp7b” mice. Unpaired t-test analysis.

*p<0.05. Data are expressed as mean +SEM.

Liver fibrosis impairs hepatocyte transduction by AAV8 and hepatic vector
uptake in Abcb4” mice

To further expand our findings, we investigated AAV8 delivery in Abcb4/-mouse 33
as a widely used model of biliary fibrosis, resembling clinical features of PFIC type
3 and primary sclerosing cholangitis. Since sex significantly influences transduction
of murine liver by AAV 99, animals from both sexes were included in this experiment.
Male and female Abcb4”/- and Abcb4*- control mice were administered with
AAV2/8.TBG.eGFP at the dose of 5x10'2 gc/Kg at 14 or 10 weeks of age,
respectively. Animals were sacrificed shortly after injection (2 days) to assess vector
biodistribution, and at 14 days post-injection to evaluate transduction efficiency. At
sacrifice Abcb4”- mice showed normal body weight (data not shown), while female

individuals were characterized by significant hepatomegaly (Fig. 17).
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Figure 17: Liver to body ratio in Abcb4” mice

Liver to body weight ratio of Abcb4 (A) male and (B) female mice injected with AAV2/8.TBG.eGFP
at 10- and 14-weeks of age and sacrificed 14-days post-injection respectively. Mice groups were
composed of N=6 Abch4*-and N=7 Abcb4” male mice and of N=6 Abcb4*-and N=9 Abcb4- mice
sacrificed 14 days post-injection. Unpaired t-test analysis. ****p<0.001. Data are expressed as mean
+SEM.
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Sirius red analysis confirmed significant biliary fibrosis in Abcb4-- mice (Fig. 18A-D
and Fig. 19A-D), that was associated with a significant reduction of transduction
efficiency at 14 days post-injection in both male and female mice (Fig. 18E-F and
Fig. 19E-F).
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Figure 18: Liver fibrosis impaired hepatocyte transduction in male Abcb4-- mice

(A) Representative Sirius red staining of N=4 Abcb4+-and N=6 Abcb4” male mice harvested 2 days
post-injection. Scale bar: 100um. (B) Quantification of Sirius red positive area per group. Data are
expressed as percentage over total area. Unpaired t-test analysis. **p<0.01. (C) Representative
Sirius red staining of of N=6 Abcb4+-and N=7 Abcb4” male mice harvested 14 days post-injection.
Scale bar: 100pm. (D) Quantification of Sirius red positive area per group. Data are expressed as
percentage over total area. Unpaired t-test analysis. ****p<0.001. (E) Representative
immunofluorescence staining on liver sections from N=5 Abcb4*- and N=6 Abcb4” male mice
harvested 14 days post-injection using anti-GFP antibody. Scale bar: 100um. (F) Quantification of
GFP positive area. Data are expressed as percentage of GFP area normalized to nuclei count.

Unpaired t-test analysis. **p<0.01. Data are expressed as mean +SEM.
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Figure 19: Liver fibrosis impaired hepatocyte transduction in female Abcb4/ mice

(A) Representative Sirius red staining of N=9 Abcb4+*- and N=6 Abcb4 female mice harvested 2
days post-injection. Scale bar: 100um. (B) Quantification of Sirius red positive area. Data are
expressed as percentage over total area. Unpaired t-test-analysis. **p<0.01. (C) Representative
Sirius red staining of N=6 Abcb4+-and N=8 Abcb4 female mice harvested 14 days post-injection.
Scale bar: 100pm. (D) Quantification of Sirius red positive area. Data are expressed as percentage
over total area. Unpaired t-test-analysis. ****p<0.001. (E) Representative immunofluorescence
staining on liver sections of N=4 Abcb4*-and N=7 Abcb4’ female mice harvested 14 days post-
injection using anti-GFP antibody. Scale bar: 100um. (F) Quantification of GFP-positive area. Data
are expressed as percentage of GFP area normalized to nuclei count. Unpaired t-test-analysis.

**p<0.01. Data are expressed as mean +SEM.

Analysis of hepatic vector genome content revealed a 60% reduction in Abcb4--
male mice over controls, that was sustained up to 14 days post-injection (Fig.
20A). Female Abcb4”- mice showed a trend reduction of hepatic genome content
versus control mice at 2 days post-injection, that was further increased at 14 days
post-injection (Fig. 20B).
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Figure 20: Liver fibrosis reduces liver vector uptake in Abcbh4-- mice

(A) Vector genome copies (GC) by gPCR in livers from N=4 Abcb4*- and N=6 Abcb4” male mice
harvested 2 days post-injection and N=5 Abcb4*-and N=7 Abcb4” male mice harvested 14 days
post-injection. (B) Vector genome copies (GC) by gPCR in livers from N=4 Abcb4*-and N=5 Abch4-
I-female mice harvested 2 days post-injection and of N=4 Abcb4+*- and N=9 Abcb4- female mice
harvested 14 days post-injection mice. Two-way ANOVA plus Tukey’s post-hoc analysis: *p<0.05;

**p<0.01; ***p<0.001. Data are expressed as mean +SEM.

Analysis of vector blood clearance showed similar kinetics in Abcb47- and control
male mice, although Abcb4”- mice showed a non-significant decrease of blood
peak concentration at 1h post-injection [AUC: Abch4+-: 1,263358; Abcb4:
1,483789; t-test: 0.5772] (Fig. 21A). Surprisingly, Abcb4-- female mice showed
greatly increased vector clearance rate compared to controls [AUC: Abcb4+-:
2,758585; Abch4/-: 741,446; t-test: 0.0184] (Fig. 21B), thus suggesting increased

vector clearance from the bloodstream.
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Figure 21: Vector genome copies in plasma of Abcb4 male and female mice injected with
AAV2/8.TBG.eGFP

(A) Vector genome copies (GC) in plasma by qPCR of N=4 Abcb4+-and N=6 Abcb4-- male mice per
group. Area under the curve and paired t-test analysis. (B) Vector genome copies (GC) in plasma by
gPCR of N=8 Abcb4*-and N=6 Abcb4" female mice per group. Area under the curve and paired t-

test analysis. t-test: *p<0.05. Data are expressed as mean +SEM.

Next, vector genome content was evaluated in extra-hepatic organs to assess
overall AAVS8 biodistribution. Fibrotic Abcb4”’- male mice showed a significant
increase of vector genome content in spleen, a trend increase in heart, lung, bone

marrow and brain and no significative differences in kidney, (Fig. 22).
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Figure 22: Vector biodistribution in extra-hepatic organs in Abcb4/- male mice

Analysis of vector genome copies (GC) by gPCR in (A) spleen, (B) kidney, (C) heart, (D) lung, (E)
bone marrow and (F) brain in N=6 Abcb4*-and N=8 Abcb4’ male mice. Unpaired t-test analysis.

Data are expressed as mean +SEM.

Female fibrotic mice showed a non-significant increase versus non-fibrotic mice in
genome content in spleen and kidney, while we found a trend reduction in other

tested organs (Fig. 23).
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Figure 23: Vector biodistribution in extra-hepatic organs in Abcb4’ female mice

Analysis of vector genome copies (GC) by qPCR in (A) spleen, (B) kidney, (C) heart, (D) lung, (E)
bone marrow, and (F) brain in N=3 Abcb4*-and N=5 Abcbh4--female mice. Unpaired t-test analysis.

Data are expressed as mean +SEM.

Aim 2: Development of novel synthetic AAVs with improved hepatocyte

transduction in fibrotic livers

Current knowledge about the interaction of the AAV capsid with the fibrotic tissue is
insufficient to enable the rational design of new variants. Differently from capsid
engineering by rational design, directed evolution can be applied without any

knowledge of the underlying mechanistic basis.

Experimental strategy

Parental cap will undergo DNAsel fragmentation and reassembly by a primer-less
PCR step, in which they self-prime based on their partial homologies and assembled
into chimeric cap sequences. A second primer PCR will promote amplification of
full-length shuffled variants 66 that will be cloned into a replication- and packaging-
competent barcoded recipient plasmid, including AAV2 inverted terminal repeats
(ITRs), and rep gene . Random barcodes have also been inserted to easily identify
and track AAV variants trough evolution passages % 67, Before vector particle

production, at least twenty of the full-length shuffled cap genes obtained will undergo
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single colony isolation and Sanger sequencing to assess reassembly into chimeric
capsid. Next, library integrity and diversity will be further analyzed by NGS using
PacBio technology 7°. AAV library will be produced and intravenously injected into
fibrotic Atp7b”- and Abcb4-- mice. After a week, livers will be harvested, hepatocytes
will be isolated and genomic DNA will be extracted. Genomic DNA will be PCR
amplified, repackaged into AAVs and re-administered to mice. Rounds of selection
will be repeated at least 3 times or until enrichment of AAV variants will emerge 2.
Sequence of cap genes from yielded variants will be analyzed by NGS. Evolved
variants will be individually tested for hepatocyte transduction in fibrotic Abcb4-- and
Atp7b” mice and benchmarked against AAV8. Finally, AAV variants will be
screened against pooled normal human sera, to test their ability to evade

neutralization. Experimental strategy for this aim is summarized in Fig. 24.
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Figure 24: lllustrative workflow of directed evolution strategies used to develop novel AAV
variants.

Image created using BioRender (https://biorender.com/)

Shuffled cap libraries generation

To generate shuffled cap libraries, we gathered 20 parental cap genes belonging
from natural and synthetic variants. We aimed at generating three different libraries:
a complete one (referred to as FULL library throughout the thesis), including the
entire repertoire of available 20 cap variants (Fig. 25); a second one, encompassing
natural and synthetic variants, including cap exhibiting the highest degree of
nucleotide homology (referred to as HOMO library from now on and shown in red in
Fig. 25); a third one including cap genes from AAV variants isolated in pigs the most
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divergent natural serotype AAVS5 (referred to as PIG library and depicted in green in
Fig. 25).

A AAVS B AAVS
AAV-paS AAV-po5
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Figure 25: Genealogical relationship at the DNA level of AAV variants used to generate shuffled
cap libraries.

FULL shuffled cap library, including complete repertoire of cap genes available (A). PIG library
encompassing porcine variants and AAV5 (B, shown in green). HOMO library, including natural and
engineered serotypes (B, shown in red). Image created using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/).

To generate the shuffled cap library a recipient pAAV plasmid has been engineered
to contain the AAV2 ITRs and rep gene, encoding AAV replication proteins, and a
synthetic multi-cloning site downstream to the rep gene, to accommodate shuffled
cap genes. Additionally, unique barcodes (BCs) have been cloned downstream to
the cap polyadenylation signal. Diversity of barcoded plasmid library has been
confirmed by Sanger sequencing of several individual clones (data not shown). We
performed DNAsel fragmentation of parental cap genes to generate FULL (Fig.
26A), HOMO and PIG shuffled cap library (data not shown) and successfully
executed primer-less and primer PCR to promote shuffled full-length re-assembly
(Fig. 26B).
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Figure 26: DNAsel fragmentation and reassembly of shuffled cap libraries

DNAsel fragmentation of FULL library and mixed undigested parental cap loaded on agarose gel for
fragmentation process monitoring overtime (A, left panel). Fragmentation was interrupted when
mixed cap reached size between 1000bp and 200 bp (A, right panel). Shuffled PCR of DNAsel
fragmented cap as a template of FULL, HOMO and PIG library band at the expected molecular
weight of 2200bp (B).

Shuffled re-assembled cap were purified and subcloned in barcoded recipient
plasmid using different chemically and electrocompetent strains. Yield of the
shuffled libraries obtained was approximately 200 species in FULL, 400 species in
HOMO and 100 species in PIG.

To increase shuffled libraries yield we subcloned shuffled libraries into TOPO
cloning kit we sequenced sequence portion of the shuffled cap and confirmed cap
re-assembling and integrity of common cap extremities, which are needed for
cloning. Next, we sequenced the barcoded recipient plasmid and verified the
conservation of restriction sites. Sanger sequence confirmed appropriate sequence
of the restriction sites essential for cloning. Cloning of shuffled cap in the recipient

PAAV plasmid is currently ongoing.
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DISCUSSION

AAV-based vectors are the most promising tools for liver directed gene therapy due
to their ability to transduce diving and non-dividing cells, high safety profile, low
immunogenicity and long-term expression of the transgene. However, knowledge
on AAV vector interactions with fibrotic livers are still very limited. Here we
investigated AAV mediated gene therapy infection and transduction in induced and

genetic-based liver fibrosis animal models.

Using three mouse models characterized by different types of liver fibrosis,

we provided compelling evidence that livers are transduced less efficiently by AAV8-
based vectors in presence of fibrosis. This was a common finding across the tested
models, irrespective of fibrosis pattern and etiology, and is consistent with previous
studies in Abcb4”- and Atp7b”- mice, showing a remarkable reduction in AAV8-
mediated transgene expression and therapeutic efficacy when injected after liver
fibrosis development 6% 62,
Notably, previous studies also highlighted the importance of hepatocyte proliferation
in response to damage resulting in transgene loss and decline of therapeutic
efficacy 71; 2. Hepatocyte proliferation can impact on vector genome concentration
very rapidly, as illustrated by the significant decrease of vector genome copies in
the livers of female Abcb4’ mice at 14 days compared to 2 days after vector
administration. Nevertheless, decreased vector genome content in fibrotic
compared non-fibrotic livers was already observed at 2 days post-injection, a very
short time-window in which dilution effect is supposed to be negligible, strongly
suggesting that liver fibrosis impaired vector uptake by livers cells.

Physical barriers posed by fibrosis to hepatocyte transduction such as
deposition of ECM in the perisinusoidal space 7%, or loss of SEC fenestration >3 may
reduce vector uptake by the liver and delay blood vector clearance, as shown by
Atp7b”- and TAA-treated mice. Biodistribution analysis suggested that persistent
AAV circulation in the bloodstream results in a non-specific distribution of viral
particle in extrahepatic organs. Conversely, despite reduced hepatic vector genome
content, vector clearance rate was increased in Abcb4” mice. This was paralleled
by a significant increase of vector uptake by the spleen, associated to a milder, non-
significant increase of vector genome content in other extra-hepatic organs. Like the

liver, spleen is involved in immune homeostasis and pathogen clearance from
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bloodstream 73. Red pulp provide filtering function while white pulp, mainly
composed of nodules of lymphoid tissues, is involved in immunological defense
against bloodborne antigens 4. Liver and spleen are connected by portal circulation
and have relevant crosstalk. Liver fibrosis induces portal hypertension which may
lead to congestion of portal system causing splenomegaly 73, and enhance the
number and the phagocytic activity of splenic macrophages in the red pulp and
marginal zone, resulting in hypersplenism 3. Blood-engorgement and increased
scavenging of viral particles by resident macrophages may contribute to increased
vector uptake by the spleen. Splenomegaly has been reported in Abcb4/ mice 33,
but is also a recognized feature of Atp7b”- mice ’® that did not show increased vector
genomes in the spleen compared to controls. This suggested that some disease-
specific alteration of spleen structure and/or function resulting from ABCB4-
deficiency may be responsible for enhanced vector uptake. Noteworthy, hepato-
and splenomegaly may also have an impact on quantification of vector genome
content.

Our study investigated bulk hepatic vector content, although altered fibrotic
liver cellularity, characterized by activation and proliferation of HSC, KC and other
white cells and significant modifications of SECs, must be also considered 5% 55: 56,
Vector uptake by NPCs may be increased in fibrotic conditions, resulting in vector
degradation and weak or no transgene expression by hepatocyte-specific
promoters. Further studies are clearly needed to investigate cell-type specific
uptake of blood-borne AAV particles in the context of liver fibrosis. Importantly,
increased vector uptake by immune-competent cells in liver and spleen may also
enhance vector immunogenicity °* %, significantly reducing AAV safety.

According to our study, a higher vector dose should be needed to achieve a
therapeutic benefit in patients with liver fibrosis. However, high vector doses have
been associated with sever adverse events 6 and death in presence of pre-existing
liver damage 7. Clearly, better vectors are needed to achieve the goal of effective
and safe gene therapy for diseases with liver fibrosis.

We proposed to generate novel capsid variants with improved hepatocyte
transduction in fibrotic livers by directed evolution of shuffled capsid libraries.
Reconstitution efficiency of a shuffled library is a function of sequence homology of
parental genes and reassembly is more efficient in presence of more than 80% of
sequence homology °1, ¢7. Because of these limitations, we generated three different
libraries to minimize low cap reconstitution efficiency. Nevertheless, the number of

species generated is still quite low. We are currently working at improving the yield
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of shuffled cap reconstitution and at efficiently cloning the cap library in the

production plasmid.
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CONCLUSIONS

Outcome of gene therapy in patients with overt liver fibrosis is currently hard to
predict. This work highlighted this neglected aspect of liver-directed gene therapy
and provide information that may have an impact on ongoing and future clinical
trials. While clearly indicating that liver fibrosis significantly alters AAVS8
biodistribution and hepatic transduction efficiency, our work paved the way for future
studies aimed at investigating fibrosis impact on vector safety and effect on other
AAV variants.
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